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Foreword 




N recent years, such marvelous advances have l)etfli 
made in the engineering and scientific fields, and 
so rapid has been the evolution of mechanical and 
constructive processes and methods, that a distinct 
need has l>een created for a series of prnvtlcal 
v:ork'!ttfj fjuldvtf^ of convenient size and low cost, embodying the 
accumulated results of experience and the most approved modern 
practice along a great variety of lines. To fill this acknowledged 
need, is the special purpose of the series of handbooks to which 
this volume belongs. 

C I" the preparation of this series, it has Uvn the aim of the pub- 
lishers to lay special stress on the pnwtlail side of each subject, 
as distinguished from mere theoretical or academic discussion. 
Each volume is written by a well-known expert of acknowledcred 
authority in his sj)ecial line, and is based on a most careful study 
of practical needs and up-to-date methoils as developed under the 
conditions of actual practice in the field, the shop, the mill, the 
j)Ower house, the drafting room, the engine room, etc. 

C These volumes are esj)ecially ada|)ted for purposes of self- 
instruction and home study. The utmost care has been used to 
bring the treatnuMit of each subject within the range of the com- 



mon understanding, so that the work will appeal not only to the 
technically trained expert, but also to the beginner and the self- 
taught practical man who wishes to keep abreast of modern 
progress. The language is simple and clear; heavy technical terms 
and the formulae of the higher mathematics have been avoided, 
yet without sacrificing any of the requirements of practical 
instruction; the arrangement of matter is such as to carry the 
reader along by easy steps to complete mastery of each sul)ject; 
frequent examples for practice are given, to enable the reader to 
test his knowledge and make it a j)ermanent possession; and the 
illustrations are selected with the greatest care to supplement and 
make clear the references in the text. 

C The method adopted in the preparation of these volumes is that 
which the American School of Correspondence has developed and 
employed so successfully for many years. It is not an experiment, 
but has stood the severest of all tests — that of practical use — which 
has demonstrated it to be the best method yet devised for the 
education of the busy working man. 

C I'^^r purj)oses of ready reference and timely information when 
needed, it is believed that this series of handbooks will be found to 
meet every requirement. 
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With the rapid increase of the use of electricity for power, 
lighting, traction, and electro -chemical processes, the powerhouses 
equipped for the generation of the electrical supply have increased 
in size from plants containing a few low-capacity dynamos, belted 
to their prime movers and lighting a limited district, to the mod- 
ern central station, furnishing power to immense systems and over 
extended areas. Examples of the latter type of station are found 
at Niagara Falls, such stations as the Metropolitan and Manhattan 
stations in New York City, the plants of the Boston Edison Illu- 
minating Company, etc. 

The subject of the design, operation, and maintenance of cen- 
tral stations forms an extended and attractive branch of electrical 
engineering. The design of a successful station requires scientific 
training, extensive exj)erience, and technical ability. Knowledge 
of electrical subjects alone will not suffice, as civil and mechanical 
engineering ability is called into play as well, while ultimate 
success depends largely on financial conditions. Thus, with un- 
limited caj)ital, a station of high economy of operation may be 
designed and constructed, but the business may be such .that the 
fixed charges for money invested will more than equal the differ- 
ence between the receipts of the cpm])any and the cost of the gen- 
eration of power alone. In such cases it is better to build acheaj)er 
station and one not possessing such extremely high economy, but 
on which the fixed charges are so greatly reduced that it may be 
operated at a profit to the owners. 

The designing engineer should be thoroughly familiar with 
the nature and extent of the demand for power and with the prob- 
able increase in this demand. Few systems can be completed for 
their ultimate capacity at first and, at the sanie time, operated 
economically. Only such generating units, with suitable reserve 
capacity, as are necessary to supply the demand should be installed 
at first, but all apparatus should be arrange^l in such a manner 
that future extensions can be readily made. 
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The subjects of power stations, as here treated, will consider 
the following general topics : 

Location of station and. substation, with choice of system to be em- 
ployed. 

Hteani plants, boilers, pii)iuj^, prime movers, etc. 

Hydraulic ])lants. 

The use of other prime movers. 

The electrical jilant, generators, and exciters, switching apparatus, etc. 

lUiildings. 

Station records, methods of charging for power, etc. 

LOCATION OF THE GENERATING STATION. 

The clioice of a site for tlie generating station is very closely 
connected with the selection of the system to l)e used, which sys- 
tem, in turn, de|)ends largely on the nature of the demand, so that 
it is a little difficult to treat these topics se|)arately. Several possi- 
l)le sites are often available, and we may either consider the require- 
ments of an ideal location, selectincr the available one which is 
nearest to this in its characteristics, or we may select the best system 
for a given area and assume that the station may be located where 
it would be best adaj)ted to this system. Wherever the site may 
be, it is possible to select an efficient system, though not always 
an ideal one. 

The following points should be considered in the location of 
a station, no matter what the system used : 

1. Accessibility. 

2. Water supply. 

o. Stability of foundation. 

4. Surroundings. 

5. Facility for extension. 

6. Cost of real estate. 

The station should l)e readily accessible on account of the 
delivery of fuel and stores, and of the machinery, while it should 
be so located that ashes and cindeis may l)e easily removed. If 
j)0ssil)le, the station should be located so as to be reache<l by both 
rail and water, though the fornuM* is generally more desirable. If 
the coal can l)e delivered to the bunkers direetly from the cars, the 
very imjK)rtant item of the cost of handling fuel may be greatly 
rtnluced. Again, the station should be in such a location that it 
may be readily reached by the workmen. 
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Cheap and abundant water su])j)ly for both boilers and con- 
densers is of utmost iniportanee in locating a steam station. The 
quality of the water supply for the boiler is of more importance 
than the quantity. It should be as free as possible from impuri- 
ties which are liable to corrode the boilers, and for this reason 
water from the town mains is often used, even when other water is 
available, as it is possible to economize in the use of water by the 
selection of proper condensers. The supply for condensing pur- 
j)Ose8 should be abundant, otherwise it is necessary to install ex- 
tensive cooling apparatus which is costly and occupies much 
space. 

The machinery, as well as the buildings, must have stable 
foundations, and it is well to investigate tlie availability of such 
foundations when sek^ctinix the site. 

In the operation of a j)Ower plant using coal or other fuels, 
certain nuisances arise, such as smoke, noise, or vibration, etc. 
F'or this reason it is preferable to locate where there is little lia- 
bility to complaint on account of these causes, as some of these 
nuisances are costly and difficult or even imj)Ossible to prevent. 

A station should be located where there r^re ample facilities 
for extension, and, while it may not always be advisable to pur- 
chase land sutHcient for these extensions at first, if there is the 
slightest doubt in regard to being able to purchase it later, it 
should be bought at once, as the station should be as free as possi- 
ble from risk of interruption of its |)lans. Often real estate is too 
high for purchasing a site in the best location, and then the next 
best point must be selected. A consideration of all the factors 
involved is necessary in determining whether or not this cost is 
too high. In densely j)opulated districts it is necessary to econo- 
mize greatly with the sj)ace available, but it is generally desirable 
that the machinery may all be placed on the ground floor and that 
adequate provision may be made for the storage of fuel, etc. 

Tlie location of substations is usually fixed by other con- 
ditions than those which determine the site of the main power 
house. Since, in the simple rotary converter substatioh, neither 
fuel or water are necessary and there is little noise or vibration, it 
may be located wherever the cost of real estate will permit, pro- 
vided suitable foundation may be constructed. The distance 
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between substations depends entirely on the selection of the sys- 
tem and the nature of the service. 

Where low voltages are used it is essential that the station 
be located as near the center of the system as possible. This cen- 
ter is located as follows: 

Having determined the probable loads and their points of 
application for the proposed system, these loads are indicated on a 
drawing with the location of the same shown to scale. The center 
of gravity of this system, considering each load as a weight, is 
then found and its location is the ideal location^as regards amount 
of copper necessary for the distributing system. 

Consider V'lcr. 1 which shows the location of five diflFerent 
loads, which in this case are indicated by number of amperes. 
Combining loads A and B, we have Ax = By. x + y = a. Solv- 
ing these equations we find that 
,.>c,,.-::=^r^"'^^ A and B may be considered as 

aI' / a load of A + B amperes at F. 

,<H9 Similarly, C and D, E and F, 

/ ^^. /^^ and (t and II may be combined 

/' ''>j'^ / g^v^^g ^^s I5 ^^^ center of the 

/ '^s^ / system. The amount of copper 

/ ^^^09 necessary for a given regulation 

/ runs up very rapidly as the dis- 

/ tance of the station from this 

06 

,,. , point increases. 

Fiff. 1. '■ 

Selection of System. Gen- 

eral rules only can be stated for the selection of a system to be 
used in any given territory for a certain class of service. 

For an area not over two miles square and a site reasonably 
near the center, for lighting and ordinary power purposes, direct- 
current, low-pressure, three- wire systems may be used. Either 220 
or 440 volts may be used as a maximum voltage, and motors should, 
preferably, be connected across the outside wires of the circuits. 
Five-wire systems with 440 volts maximum potential have been 
used, but they require very careful balancing of the load if the 
service is to be satisfactory. 220- volt lamps are giving good satis- 
faction; moderate-size, direct-current motors may be readily built 
for this pressure and constant-potential arc lamps may be operated 
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on thia voltage though not bo economically as on 110 volts, if 
single lamps are used. For direct-current railway work, the limit 
of the distance to which power may be economically delivered with 
an initial pressure of OOO volts is from live to seven miles, depend- 
ing on the traffic. 

If the area to be served is material! v larger than the above, 
or distances for direct-current railways greater, either of two dif- 
ferent schemes may be adopted. Several stations may be located 
in the territory and operated separately or in multij)le on the va- 
rious loads, or one large power house may be erected and the en- 
ergy transmitted froir^ this station at a high voltage to various 
transformers or transformer substations which, in turn, transform 
the voltage to one suitable for the receivers. Local conditions 
usually determine which of these two shall be used. 

The use of several low- tension stations o])erating in multiple 
is recommended only under certain conditions, namely, that the 
demand is very heavy and fairly uniformly distributed throughout 
the area, and suitable sites for the power house can be readily ob- 
tained. Such conditions rarely exist and it is a question whether 
or not the sin trie station would not be just as suitable for such 
cases as where the load is not so contrested. 

One reason why a large central stati<m is ])referred to several 
smaller stations is that large stations can be operated more eco- 
nomically, owing to the fact that large units may be used and they 
can be run more nearly at full load. There is a gain in the cost 
of attendance, and labor-saving devices can be more profitably in- 
stalled. The location of the power plant is not determined to such 
a large extent by the position of the load, but other conditions, 
such as water supply, cheap real estate, etc., will be the governing 
factors. In several cities, notably Xew York and Boston, large 
central stations are being installed to take the ])lace of several sep- 
arate stations, the old stations being changed from generating 
power houses to rotary-converter substations. Both direct-cur- 
rent low-tension machines, to su])ply the neighboring districts, 
and high-tension alternating-current, for supplying the outlying 
or residence districts, are often installed in the one station 

As examples of the central station being located at some dis- 
tance from the center of the load, we have nearly all of the large 
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hydraulic power developments. Here it is the cbeaj)nes8 of the 
water power which determines the power house location. The 
greatest distance over which power is transmitted electrically at 
present is in the neighborhood of 200 miles. 

If a high-tension alternating-current system is to be installed, 
there remains the choice of a polyphase or single-phase machine as 
well as the selection of voltage for transmission purposes. As 
pointed out in " Power Transmission ", polyphase generators are 
cheaper than single-phase generators and, if necessary, they can be 
loaded to about 80% of their normal capacity, single-phase, while 
motors can be more readily operated from polyphase circuits. If 
synchronous motors or rotary converters are to be installed, a poly- 
phase system is necessary. The voltage will be determined by the 
distance of transmission, care being taken to select a value consid- 
ered as standard, if possible. (Tcnerators are wound giving a volt- 
age at the terminals as high as 15,000 volts, but in many districts 
it is desirable to use step-up transformers for voltages above 0,000 
on account of liability to trou.bles from lightning. 

With the development of the single-phase railway motor, cen- 
tral stations generating single-phase current only, will be built in 
larger sizes than previously, as their use heretofore has been lim- 
ited to lighting stations. 

Size of Plant. A few general notes in regard to the design 
of plants will be given here, the several points being taken up 
more in detail later. 

Direct driving of apparatus is always superior to methods of 
gearing or belting as it is efficient, safe, and reliable, but it is not as 
flexible as shafting and belts, and on this account its adoption is 
not universal. 

Speeds to be used will depend on the type and size of the 
generating unit. Small machines are always cheaper when run at 
high speeds, but the saving is less on large generators. ¥ov large 
engines, slow speed is always ])referable. 

It is desirable that there be a demand for both power and 
lighting, and a station should be constructed which will serve both 
purposes. The use of power will create a day load for a lighting 
station which does much to increase its ultimate efficiency and, as 
a rule, its earning capacity. 
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In addition to generator capacity necessary to supply tlie load, 
a certain amount of reserve, either in the way of additional units 
or overload capacity, must he installed. The prohahle load for say 
three years can be closely estimated and this, together with the 
pro])er reserve, will determine the size of the station. The ])laMt 
as a whole, including all future extensions, should be planned at 
the start as extensions will then be greatly facilitated. Usually it 
will not be desirable to begin extensions for at least three years 
after the first part of the j)hint has been erected. 

Enough units must be installed so that one or more may be 
laid off for repairs, and there are several arguments in favor of 
making this reserve in the way of overload capacity, for the gen- 
erators at least. Some of these arguments are: Reserve is often 
required at short notice, notal)ly in railway plants. With overload 
capacity, rapid increase of load, such as occurs in lighting stations 
when darkness comes on suddenly, may be more readily taken care 
of. There is always a factor of safety in machines not running to 
their fullest capacity. Reserve capacity is cheaj)er in this form 
than if installed as se])arate n'lachines. As a disadvantac^e, we 
have a lower elticiency, due to machines not usually running at 
full load, but in the case of generators this is very slight. 

With an overload capacity of •^'^^^9r, four macliines should be 
the initial installment since one can be laid off for re|)airs if neces- 
sary, the total load being readily carrirti by tiiree machines. In 
planning extensions, the fact that at least one machine may recjuire 
to be laid off at any time should not be lost sight of, while the 
units should be made as large as is conducive to the best operation. 

TABLE 1. 
Permissible Overload ss per cent. 



Initial installment. 

First ex tension 

Second *' 

Third " 

Fourth " 

Fifth " 

Sixth " 



Mucliiiips added 
ont* ill a time. 


Machine 
two at 


s added 
a lime. 


Machines added 
three at a time. 


No. 
1 4. 




Siz.'. 

my 

888 
1577 

28l>4 


No. 
4 
2 

2 
i 

8 




Size. 

500 
1000 
2(J(X) 

40U) 


No. 
4 
3 
5 
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Size. 
500 




2000 




5000 




5000 
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Table 1 is worked out showiiifr the initial installment for a 
25OOO-K.W. plant with future extensions. It is seen from this 
table that adding two machines at a time gives more uniformity in 
the size of units — a very desirable feature. 

The boilers should be of large units for stations of large 
capacity, while for small stations they must be selected so that at 
least one may be laid off for repairs. 

STEAM PLANT. 
BOILERS. 

The majority of power stations have their machinery driven 
by either steam or water power, though there are many using gas 
engines as prime movers. If a steam plant is being considered, 
one of the lirst subjects to be taken up is the generation of the 
steam. The subject of boilers is one of vital importance to the 
successful operation of steam-di*iven central stations. The object 
of the boiler with its furnace is to abstract as much heat as possi- 
ble from the fuel and impart it to the water. The various kinds 
of boilers used for accomplishing this more or less successfully are 
described in books on boilers, and we will consider here the merits 
of a few of the tyjx?s only as regards central-station operation. 

The requirements are: Flrtit, that steam be available through- 
out the twenty-four hours; the amount required at different parts 
of the day varying considerably. Thus, in a lighting station, the 
demand from midnight to a. m. is very light, but toward eve- 
ning, when the load on the station increases very rapidly, there is an 
abrupt increase in the rate at which steam must be given off. The 
maximum demand can be readily anticipated under normal weather 
conditions, but occasionally this maximum will be ecjualed or even 
exceeded at unexpected moments. For this reason a certain num- 
ber of l)oilers must be kept under steam constantly, more or less 
of them running with banked fires during light loads. If the 
boilers have a small amount of radiating surface, the loss durintT 
idle hours will be decreased. 

Second^ the boilers must be economical over a large range of 
rates of firing and must be capable of being forced without detri- 
ment. Boilers should be provided which work economically for the 
hours just preceding and following the maximum load while they 
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may be forced, tliough running at lower efficiency, during the |)eak. 

Thirds coming to the commercial side of the question, we have 
first cost, cost of maintenance, and space occupied. The first cost, 
as does the cost of maintenance, varies with the type and pressure 
of the boiler. The space occuj)ied enters as a factor only when 
the situation of the station is such that sj^ace is limited, or when the 
amount of steam piping becomes excessive. In some city plants, 
8j)ace may be the determining feature in the selection of boilers. 

The Cornish and Lancashire boilers differ only in the num. 
ber of cylindrical tubes in which furnaces are placed. As many 
as three tubes are placed in the largest sizes (seldom used) of the 
Lancashire boilers. Tliey are made up to 200 pounds steam pres- 
sure and possess the following features: 

1. High efficiency at moderate rates of combustion. 

2. Low rate of depreciation. 

3. liarge water space. 

4. Easily cleaned. 

5. Large floor space required. 

6. Cannot be readily forced. 

The Galloway boiler differs from the Ijancashire boiler in that 
there are cross tubes in the flues. 

In the Multitubular iwiler the numl)er of tubes is greatly 
increased and their size diminished. Their heating surface is large 
and they steam ra])idly. They are used extensively for power- 
station work. 

The chief characteristics of the water-tube boilers, of which 
there are many tyj)es, are: 

1. Moderate floor space. 

2. Ability to steam rai)i(ny. 
8. Good water circulation. 

4. Adapted to high pressure. 

5. Easily transported and ere<*teil. 

6. P^asily repaired. 

7. Xot easily cleaned. 

8. Rate of deterioration greater than for LaueaKhire l>oiler. 

9. Hmall water space, hence variation in pressure with varying 
demands for steam. 

10. Expensive setting. 

Marine lioiiers require no setting. Among their advantages 
and disadvantages may be mentioned: 
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1. Kxceedingly small si)ace necessary'. 

2. Kadiatiiig Hurface reduced. 
8. (ioixl economy. 

4. Heavy and difficult to rei>air. 

o. I'nsuitable for bad water. 

G. Poor circulation of water. 

Another type of boiler, known as the Economic, is a combi- 
nation of the Lancashire and multitubular boilers, as is the marine 
boiler. It is set in brickwork and arranged so that the gases pass 
under the bottom and along the sides of the boiler as well aa 
through the tubes. It may be compared with other boilers from 
the following points: 



1. Small floor space. 

2. Less radiating surface than the Lancashire boiler 

3. Not easily cleaned. 

4. Repairs rather expensive. 

5. Requires considerable draft. 

As regards first cost, boilers installed for 150 pounds pressure 
and the same rate of evaporation, will run in the following order: 
Galloway and Marine, highest first cost, Economic, Lancashire, Bab- 
cock & Wilcox. The increase of cost, with increase of steam pres- 
sure, is greatest for the Economic and least for the water-tube type. 
Deterioration is less with the Lancashire boiler than wuth the 
other types. 

The floor space occupied by these various types built for 150 
pounds pressure and 7,500 pounds of water, evaporated per hour, 
is given in Table 2. 

TABLE 2. 
KlndofBoUer. '1^^?^^ 

Lancashire 408 

Galloway 871 

JJabcock and Wilcox 20<) 

Marine wet-back liJO 

Economic 210 

The percentage of the heat of the fuel utilized by the boiler 
is oi great importance, but it is ditticult to get reliable data in re- 
gard to this. Table 3 is taken from Donkin's "Heat Etticiency of 
Steam Boilers'', and will give some idea of the efficiencies of the 
diflferent types. Economizers were not used in any of these tests, 
but they should always be used with the Ijancashire type of boiler. 
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TABLE 3. 



Kind uf Boiler. 



Lancashire haiul-fired 

Lancashire niachiiie-lired 

C'ornish hand^lired 

Babcock and Wilcox liand-lired. 

Marine wet-back hand-fired 

Marine dry-back lianci-fired 



X<). of Ex- 
ptTimeuts. 



107 
40 

49 

(> 

'24 



Mean Efll 
fieucy of 
two best 
Experi- 
ments. 



79.5 

7:i.o 

81.7 
77 . T) 
09. (> 
75.7 



Mean EfM- 
Ijowest I eiency of 
Eftlciency. all Experi* 
nients. 



42.1 
51.9 
5a. 
50.0 
()2.0 
04.7 



Oii.8 
o4.2 
08.0 
04.9 
00.0 
09.2 



It is well to 8el(^ct a boiler from 20 to 50 pounds in excess of 
the pressure to be used, as its life may thus be considerably ex- 
tended, while, when the boiler is new, the safety valve need not 
be set so near the normal pressure, and there is less steam wasted 
by the blowing off of this valve. Again, a few extra pounds of 
steam may be carried just previous to the time the j)eak of the 
load is expected. For pressures exceeding 200 or, ])ossibly, 150 
pounds, a water-tube boiler should be selected. 

In large stations, it is preferable to make the boiler units of 
large capacity, to do away as much as possible with the extra 
piping and fittings necessary for each unit, AVater-tube boilers 
are best adapted for lai'ge sizes. These may be constructed for 
150 pounds pressure, large enough to evaporate 20,000 pounds of 
water per hour, at an economical rate. 

To sum up — For stations of moderate size and with medium 
pressures with plenty of S])ace, use Lancashire or fire-tube boilers; 
for high pressure or large units, select water- tube boilers; where 
space is limited, install marine boilers, although they are not as 
safe as water- tube boilers for high pressures. 

Steam Piping. The pi|)i"g from the boilers to the engines 

should be given very careful consideration. Steam should be 

available at all times and for all entrines. Freedom from serious 

• ... 

interruptions due to leaks or breaks in the piping is brought about 

by very careful design and the use of good material in construction. 

Duplicate piping is used in many instances. Provision must 

always be made for variations in length of the pi|K3 with variation 

of temperature. For plants using steam at 150 j)ounds pressure, 

the variation in the length of steam ])i])e maybe as high as 2.3 
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inches for 100 feet, and at least 2 inches for 100 feet should always 
be counted upon. 

Arrangement. Fig. 2 shows a simple diagram of the '' ring " 
system of pi])ing. The steam })a88es from the boiler by two paths 
to the engine and any section of the pij)i"g niay be cut out by 
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VAL\/£. 
Fig. L>. 
the closintr of two valves. Simple rintr aysteuis have the foUowinor 
characteristics: 

1. The ranjje, as the main pipe is called, must be of uniform size and 
largo enoujrh to carry all of the steam when j^enerated at its maximum rate. 

2. A damajr^d secti»)n may disable one boihir or one enprine. 

3. Several lar^^e valves are re(|uired. 

-1. Provision may bo readily made to allow for exj)ansion of pipes. 

Cross c()nnectin<{ the rincr system, as shown in Fitr. 8, chanorea 

these characteristics as follows: 

1. Size of pipes and conseciuent radiating? surface is reduced. 
-. More valves needed but they are of smaller size. 
8. Less easy to arrange for expansh)u of the pipes. 
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If the system is to be diijJioated, that is, two complete sets of 
main pipes and feeders installed (see Fig. 4), two schemes are in use: 

1. Each sypceni is designed to operate the whole station at maxi- 
mum l(»ad with normal velocity and loss of i)re»sure in the pii)es, an<l only 
one system is in use at a time. This has tlie disadvantage that the idle 
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section is lial)le not to be in good operating con<Htion when needed. liarge 
pipes must be used for each set of mains. 

2. The two systems may be made large enough to supply steam at 
normal loss of pressure when both are used at the same time, while either 
is made large enough to keep the station running should the other section 
need repairs. This has the advantages of less expense, and botli sections 
Of pipe are normally in use: but it has the disadvantages of more radiating 
surface to the pipes and consequent condensation for the same capacity 
for furnishing steam. 
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Complete interchangeability of units cannot be arranged for 
if the separate engine units exceed 400 to 500 horse power. Since 
engine units can be made larger than boiler units, it becomes nec- 
essary to treat several boiler units as a single unit, or battery, these 
batteries being connected as the single boilers already shown. For 
still larger plants the steam piping, if arranged to supply any 
engines from any batteries of boilers, would be of enormous size. 
If the boilers do not occupy a greater length of floor space than 
the engines, Fig. 5 shows a goml arrangement of units. Any 
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enc^ine can be fed from either of two batteries of boilers and the 
liability of serious interruptions of service due to steam pipes or 
boiler trouble is very remote. 

Material. Steel pij^e, la]) welded and fastened together by 
means of flanges, is to be recommended for all steam ])iping. TLe 
flan<>'es may be screwed on the ends of sections and calked so as to 
render this connection, steam tight, though in large sizi»s it is better 
to have the flanges welded to the pijK^s. This latter constructiou 
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costs no more for large j>i{)e9 and is much more reliable. All 
valves and fittings are made in two grades or weights, one for low 
pressures, and the other for high pressures. The high-pressure 
littings should always be used for electrical stations. Gate valves 
should always be selected and, in large sizes, they should be pro- 
vided with a by. pass. 

Asbestos, either alone or 
with copper rings, vulcan- 
ized india rubber, asbestos 
and india rubber, etc., are 
used for packing between 
flanges to render them 
steam tight. Where there 
is much expansion, the ma- 
terial selected should be one 
that y)OS8esses considerable 
elasticity. Joints for high- 
pressure systems require 
much more care than those 
where steam is used at a 
low pressure, and the num- 
ber of joints should be re- 
duced to a minimum by 
using long sections of pipew 
A list of the various fit- 
tings required for steam 
piping, together with their 
descriptions, is given in 
books on boilers. One j)re- 
caution to be taken is to 
see that such fittings do not 
become too numerous or 
coni])licated, and it is well 
not to depend too much 
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on automatic fittincrs. Steam separators should be laro-e enonoli 
to serve as a reservoir of steam for the engine and thus equalize, 
to a certain extent, the velocity of llow of .steam in the j>ipes. 
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In providing for the expansion of pipes due to change of 
temperature, " U " bends made of steel pipe and having a radius 
of curvature not less than six times, and preferably ten times the 
diameter of the pipe, are preferred. Coj)])er pipes cannot be rec- 
ommended for high pressures, while slip expansion joints are moat 
undesirable on account of their liability to bind. 

The size of steam pipes is determined by the velocity of flow; 
Probably an average velocity of (>0 feet per second would be better 
than 100 feet per second, though in some cases where space is 
limited a velocity as high as loO feet ])er second has been used. 

The loss in pressure in steam pipes may be obtained from the 
following formula: 

where 7?, - j), = loss in pressure in ])ounds ])er sq. in. 

Q = quantity of steam in cu. ft. per minute. 
f/ = diameter of pipe in inches. 
L = lencrth in feet. 

w ~ weight per cu. ft. of steam at pressure y?,. 
f — constant depending on size of pipe. 

Values of r are as follows: 

Diameter of pipe., i,/' 1" -" '^" ^" ^" ^>" "*" »" 'J" 10" 

Value of (• H(J.8 4o.;^ 52.7 oH.l o7.8 58.4 oJ).o 60.1 60.7 61.2 61.8 

Diameter of pipe * VI" 14" 16" 18" 20" 22" 24" 

Value of c 62.1 62.:^ 62.6 62.7 62.9 (58.2 63.2 

In mounting the steam pi{)e, it should be fastened rigidly at 
one point, preferably near the center of a long section, and allowed 
a slight motion longitudinally at all other supports. Such sup- 
ports may be provided with rollers to allow for this motion, or the 
pij)e may be suspended from wrought-iron rods which will give a 
flexible su])|H)rt. Practice differs in the location of the steam pip- 
ing, some engineers recommending that it be ])laced underneath 
the engine room floor and others that it be located high above the 
engine room floor. In any case it should be made easily access- 
ible, and the valves should be located so that nothing will inter- 
fere with their oj)eration. Proper provision must be made for 
draining the pipes. 
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All piping as well as joints should be carefully covered with a 
good quality of lagging as the amount of steam condensed in a bare 
[)i[)e, especially if of any great length, is considerable. In select- 



in t/ a lacrcjing the followin<r i)oints should be noticed. Coverincr for 
Steam jupes should be incombustible, should present a smooth sur- 
face, should not be easily damaged by vibration or steam, and 
should have as large a resistance to the passage of heat as possible. 
It must not be too thick, otherwise the increased radiatincr surface 
will counterbalance the resistance to the ])assage of heat. 

The loss of power in steam pipes due to radiation is given as 
follows : 

II = .202yL//. 

II = loss of power in heat units. 

d = diameter of pipe. 

L = length of pipe in feet. 

r = constant depending on steam pressure and j)ipe covering. 

Steam pressure iu pounds (absolute) 40 fio 90 115 

Values of r for uueovereil pipe 4:i7 {>V> iVJO 684 

Valueof r for pipe covered with '2 inches of 

hair felt 48 58 60 78 

Referring to table in books on boilers, the relative values of 
different materials used for covering steam pipes m.ay be found. 

Superheated Steam reduces condensation in the engines as 
well as in the piping, and increases the etHciency of the system. 
Its use was abandoned for several years, due to difficulties in 
lubricating and packing the engine cylinders, but by the use of 
mineral oils and metallic packing, these difficulties have been done 
away with to a large extent, while steam turbines are es])ecially 
adapted to the use of superheated steam. The application of heat 
directly to steam, as is done in the superheater, increases the 
efficiency of the boilers. Table 4 shows the increase in boiler 
efficiency for a certain boiler test, the results being given in 
pounds of water changed to dry, saturated steam. Tests on vari- 
ous engines show a gain in efficiency as high as 9% with a super- 
heat of 80^ to IW F, while special tests in' some cases show even 
a greater gain. 
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TABLE 4. 






Amouut of superheat. 


Water evaporated per lb. 
or coal. 


Without 
superheat. 


With KUi>er- 
heat. 


40 degrees F 


7.82 
6.42 
6.00 
6.78 
7.15 


9.99 


42 '* 


7. OH 


55 " 


7.00 


56.5 ** 


8.66 


55.2 " 


8.65 







Superlieaters are very siiii])le, coiisistincr of tubular Ijoilers 
containing steam instead of water, and either located so as to util- 
ize the heat of the gases, the same as economizers, or separately 
fired. They should be armnged so that they may be readily cut 
out of service, if necessary, and provision must be made for either 
flooding them or turiwng the hot gases into a by-pass, as the tubes 
would \ye injured by the heat if tliey contained neither water nor 
steam. 

FEED WATER AND FEEDING APPLIANCES. 

All water, such as can be obtained for the feedinc; of boilers, 
contains some impurities, among the most important of which as 
regards boilers are soluble salts of calcium and magnesium. Bicar- 
bonates of the alkaline earths cause precipitations on the interior 
of boilers, forming '* scale". Sulphate of lime is also de{)Osi ted 
by concentration under pressure. Scale, when formed, not only 
decreases the efficiency of the boiler but also causes deterioration, 
for if sufiiciently thick, the diminished conducting power of the 
boiler allows the tubes or plates to be overheated and to crack or 
burst. Again, the scale may keep the water from contact with 
sections of the heated plates for some time and then, giving way, 
large volumes of steam are generated very quickly and an explo- 
sion may result. 

Some processes to prevent the formation of scale are used, 
which affect the water after it enters the boilers, but they are not 
to be recommended, and any treatment the water receives should 
aflfect it previous to its being fed to the lK)iler8. Carbonates and 
a small quantity of sulphate of lime may be removed by heating 
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in a 3t»parate vessel. Large (juantities of sulphate of lime must 
be preeipitateii chemically. 

Sediment, small particles of matter in 8Us|)ension, must ])e 
remove^l by allowing the water to settle. Vegetable matters are 
sometimes present, which 
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cause a film to be de])Osited. 
Certain gases, in solution — 
such as oxygen, nitrogen, 
etc. — cause pitting of the 
boiler. This effeirt is neu- 
tralized by the addition of 
cliemicals. Oil, from the 
engine cylinder, is particu- 
larly destructive to boilers 
and when ])resent in the 
condensed steam must be 
carefully removed. 

Both feed pumps and 
injectors are useil for feed- 
intj the water to the boilers. 
Feed pumj)s may be either 
steam or motor-driven. 
Steam-driven j)unrps are 
very inefficient, but they are 
simple and the speed is easily 
con t rolled . Motor-dri ven 
pumps are more efficient and 
neater, but more ex[)ensive and more difficult to regulate efficiently 
over a wide range of s])eed. Direct-acting ])umps may have feed- 
water heaters attached to them, thus increasing the efficiency of 
the apparatus as a whole. The supply of electrical energy must 
be constant if motor-driven jnimps are to be used. 

Feed pi[)es must be arranged so as to reduce the risk of fail- 
ure to a minimum, and for this reason they are almost always du- 
plicated. More than one water supply is also recommended if there 
is the slightest danger of interruption on this account. One com- 
nion arrangement of feed- water a])paratU8 is to install a few large 
pumps supplying either of two mains from which the boiler con- 
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TABLE 5. 

Giving Rate of Flow of Water, in Feet per Minute, through Pipes 
of Various Sizes, for Varying Quantities of Flow. 



Gallons 
per Miu. 


•^4 in. 


1 In. 


P.|in 


I'iln. 


- 


*218 


122>.r 


78>; 


54X 


10 


4HH 


245 


157 


109 


15 


«58 


'Mvjyi 


2H5X 


imx 


2() 


872 


490 


314 


218 


2.5 


1090 


012X 


392X 


272% 


30 




735 ' 


451 


327 


3o 




HoV4 


549^r 


m\.^ 


40 




980 


(J28 


43(J 


4o 




1102X 


70<>X 


490X 


50 






78;-) " 


545 


75 






1177X 


817X 


100 








1090 


12^5 










KJO 










175 










lilH) 











Jin. 



emn 



3 in. 



30X 


l^K 


13% 


01 


38 


27 


«1X 


58>^ 


40% 


122 


78 


54 


152X 


97% 


«7% 


183 


117 


81 


213X 


136% 


94% 


244 


15(> 


108 


274K 


175% 


121% 


305 


ia5 


135 


457X 


292% 


202% 


610 


?J80 


270 


7«2% 


4873^ 


3:^7% 


915 


58.> 


405 


10(}7K 


682% 


472% 


1220 


780 


540 



4 1n. 



7?vr 

23 

38)^. 
46 

69 

7«?^ 
115 
153J^ 
191% 
230 



nections are taken. Tliis is a complicated and costly system of 
piping. Fig. G shows a scheme used for feeding two boilers in 
which each jmmp is capable of su[)plying both boilers. Pipes 
should be ample in cross-section, and, in long lengths, allowance 
must be made for expansion. Cast iron or cat^t steel is the mate- 
rial used for their construction, while the joints are made by means 
of flanges fitted with rubber gaskets. 

Table 5 gives the rate of flow of water in feet per minute 
through pipes of various sizes. A flow of 10 gallons j)er minute 
for each 100 II. P. of boiler equipment should be allowed without 
causing an excessive velocity of flow in the pipes. 

BOILER FOUNDATIONS, FURNACES AND DRAFT, 

The economical use of coal depends, to a large extent, on the 
setting of the boiler and pro|)er dimensions of the furnaces. 
Internally-fired boilers require support only, while the setting of 
externally-fired boilers requires provision for the furnaces. Com- 
mon brick, together with fire brick for the lining of portions 
exj)08ed to the hot gases, are used almost invariably for boiler 
settings. It is customary to set the boiler units up in batteries 
of two, usintj a 20-inch wall at the sides and a 12-inch wall l)e- 
I ween the two boilers. The instructions for settings furnished by 
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the manufacturers should be carefully followed out as they are 
based on conditions which give the best results in the operation of 
their boilers. 

Natural Draft is the most commonly used and is the most 
satisfactory under ordinary circumstances. In determinincT the 
size of the chimney necessary to furnish this draft, the following 
formula is given by Kent: 

. .06 F , , Ml\, 

A = -— or /i = ( — -r — y 

A = area of chimney in sq. ft. 
]i -zizz height of chimney in ft. 
F = pounds of coal per hour. 

The height of chimney should be assumed and the area calcu- 
lated, remembering that it is better to have the chimney too large 
than too small. 

The chimney may be of either brick or iron, the latter having 
a less first cost but requiring repairs at frequent intervals. Gen- 
eral rules for the design of a chimney may be given as follows: 
The external diameter of the base should not be less than -^^ of 
the height. Foundations must be of the best. Interiors should 
1)6 of uniform section and lined with fire brick. There must be an 
air space Ixjtween the lining and chimney proper. The exterior 
should have a taper of from ^\j to \ i'nch to the foot. Flues 
should be arranged symmetrically. 

Fig. 7 shows the construction of a ])rick chimney of good 
design, this chimney being used with boilers furnishing engines 
which develop 14,000 II. P. 

Mechanical Draft is a term which may be used to embrace 
both forced and induced draft. The different systems of mechan- 
ical draft are described in books on boilers. The first cost of 
mechanical-draft systems is less than that of a chimney, but 
the operation and repair are- much more expensive and there is 
always the risk of break-down. Artificial draft has the advan- 
tage that it can be varied within large limits and it can be increased 
to any desired extent, thus allowing the use of low^ grades of coal. 

Firins: of Boilers and Handling of Fuel. Coal is used for 
fuel to A greater extent than any other material, though oil, gas. 
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wood, etc., are used in some localities. Local conditions, such as 
availability, cost, etc., should determine the material to be used 
and no general rules can be given. Data regarding the relative 

heatint/ values of different 
fuels show the following; 
general figures: One pound 
of petroleum, about \ of a 
gallon, is equivalent, when 
used with boilers, to 1.8 
pounds of coal and there is 
less deterioration of the fur- 
nace with oil. 7 J to 12 cubic 
feet of natural gas are re- 
quired as the equivalent of 
one pound of coal, dej)ending 
on the quality of the gas. 2i 
pounds of dry wood is as- 
sumed as the equivalent of 
one pound of coal. 

When coal is used, it 
requires stoking and this 
may be accomplished eitlier 
])y hand or by means of me- 
chanical stokers, many forms 
of which are available. Me- 
clianical stoking has the ad- 
vantage over hand stoking 
tliat the fuel may be fed to 
the furnace more uniformly 
and the iires and boilers are 
not subjected to sudden 
blasts of cold air as is the 
case when the fire doors are 
opened ; a ])Oorer grade of 
coal may be burned, if nec- 
essary, and the trouble due 
to smoke is much reduced. It may be said that mechanical 
stokers are used almost universally in the more important elec- 
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trical plants. Economic use of fuel requires great care in firing, 
especially if it is done by hand. 

Where gas is used, the firing may be made nearly automatic, 
and the same is true of oil firing, though the latter requires more 
complicated burners, as it is necessary that the oil l)e vaporized. 

In large stations, operated continuously, it is desirable that, 
as far as possible, all coal and ashes be handled l)y machinery, 
though the difference in cost of Ofwration should be carefully con- 
sidered before installing extensive coal-handling machinery. Ma- 
chinery for automatically handling the coal will cost from $7.50 to 
§10 per horse-power rating of boilers for installation, while the ash- 
handling machinery will cost from §1.50 to §3.00 per horse power. 

The coal-handling devices usually consist of chain -oj)erated 
conveyors which hoist the coal from railway cars, barges, etc., to 
overhead bins from which it may. be fed to the stokers. The 
ashes may be handled in a similar manner, by means of scraper 
conveyors, or small cars may be used. Either steam or electricity 
may be used for driving this auxiliary ap])aratus. 

It is always desirable that there be generous provision for the 
storage of fuel sufiicient to maintain operations of the j)lant over 
a temporary failure of supply. 

STEAM ENGINES AND TURBINES. 

The choice of steam prime movers is one which is governed 
by a number of conditions which can be treated but briefly here. 
The first of these conditions relates to the speed of the engine to 
be used. There is considerable difference of opinion in regard to 
this as both high and low-speed plants are in operation, which are 
giving good satisfaction. Slow-speed engines have a higher first 
cost and a higher economy. Probably in sizes up to 250 K.W. 
the generator should l)e driven by high-speed engines, above which 
the selection of either type will give satisfaction until sizes of say 
above 500 indicated horse power, when the slow -speed type is to 
be recommended. Drop valves cannot be used with satisfaction 
for speeds above about 100 revolutions per minute, hence high- 
speed engines must use direct-driven valve gears, usually governed 
by shaft governors. Corliss valves are used on nearly all slow- 
speed engines. 
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The steam ])ressure used should be at least 125 pounds per 
square inch at the throttle and a pressure as high as 150 to 100 
pounds is to he preferred. 

( -lose regulation and uniform angular velocity are required 
for driving generators, especially alternators which are to operate 
in ])arallel. This means sensitive and active governors, carefully- 
designed fly-wheels and pro])er arrangement of cranks when more 
than one is used. 

For large ])lants or plants of moderate size, compound con- 
densing engines are almost universally installed. The advantage 
of these engines in increased econoipy are in ])art counterbalanced 
by higher lirst cost and increased complications, together with the 
pumps and added water sup])ly necessary for the condensers. 
The a])])roximate saving in amount of steam is shown in table 0, 
which applies to a 500 horse-power unit. 

TABLE 6. 

x^ ««<«.. Pounds oi Steam 

^^"^i"*^- per H. P. hour. 

Simple non-condensing 30 

Simple condensing 22 

( 'om pound non-condensing 24 

Compound condensing 10 

Triple expansion engines are seldom used for driving electrical 
machinery as their advantages under variable loads are doubtful. 
Compound engines may be tandem or cross comj)Ound and either 
horizontal or vertical. The use of cross-compound engines tends 
to produce uniform angular velocity, but the cylinder should be so 
])roj)ortioned that the amount of work done by each is nearly equal. 
A cylinder ratio of about 3A to 1 will approximate average condi- 
tions. Either vertical or horizontal engines may be installed, each 
having its own peculiar advantages, Vertical engines require less 
Hoor space, while horizontal engines have a better arrangement of 
j;arts. Either ty])e should be constructed with heavy parts and 
erected on solid foundations. 

Kecently steam turbines have come into use, and the number 
of stations at present under process of design or construction which 
will use steam turbines is very large. Several types of turbines 
are described in the books on engines. In addition to these, a 
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short review of the Curtis turbine will not be out of place since 
this is one of the types which is coming into extended use. 

The Curtis turbine is divided into section^, each section of 
which may contain one, two, or more, revolving sets of buckets 
and stationary vanes supplied with steam from a set of expansion 
nozzles. By this arrangement of parts the work is divided into 
stages, the nozzle velocity is reduced in each stage, and the energy 
of the steam is effectively given up to the rotating parts. This 
type admits of lower speeds than the other forms of turbines. 
Fig. 8. shows the arrangement of nozzles, buckets, and stationary 
blades or guiding vanes for two stages. Governing is accom- 
plished by shutting off the steam from some of the nozzles. A 
complete Curtis turbine of the vertical type, direct connected to a 
5,000 K.W. three-phase alternating-current generator, is shown 
in Fig. 9. 

The advantages claimed for this turbine are: 

1. High steam economy at all loads 

2. High steain economy with rapidly fluctuating loads. 

3. Small floor space per K.W. capacity, reducing to a minimum 
the cost of real estate and buildings. 

4. Uniform angular velocity. 

5. Simplicity in operation and low expense for attendance. 

6. Freedom from vibration. 

7. Steam economy not appreciably impaired by wear or lack of 
adjustment in long service. 

8. Adaptability to high steam pressure and high KU))erlieat without 
practical difficulty and with cousecjuent improvement in economy. 

d. Condensed water is kept entirely free from oil and can be 
-returned to the boilers. 

Many of these advantages apply equally well to the other 
types of turbines now on the market. All turbines are especially 
adapted to operation with superheated steam. 

Engines should preferably be direct-connected as already 
stated, but this is not always feasible, and gearing, belt, or rope 
drives must be resorted to. Countershafts, belt or rope driven, 
arranged with pulleys and belts for the different generators, and 
with suitable clutches, are largely used in small stations. They 
consume considerable power and the bearings require attention. 

Careful attention must be given to the lubrication of all run- 
ning parts, and extensive oil systems are necessary in large plants. 



28 



POWER STATIONS 



In sudi systems a continuous circulation of oil over the bearings 
and tlirou<rh tlie entrine cylinders is maintained by means of oil 
pumps. After passing tbroucrli the bearings, the machine oil goes 
to a properly arranged oil-iilter where it is cleaned and then 
pumped to the bearings again. A similar process is used in cyl- 
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l)IA(iKAM OF NOZZLES AND UrCKKTS IN CUKTIS STEAM TUKUINK. 

Fig. S. 
inder lubrication, the oil being collected from the exhaust steam 
and only enough new oil is added to make u{)for the slight amount 
lost. The hitter system is not installed as frec^uently as the con- 
tinuous system for bearings. In the ('urtis turbine, vertical type, 
the oil is forced in between the two j)lates, forming the step bear. 
ing, at such a pressure that a thin film of oil is constantly main- 
tained between these plates. It may bo arraiige<l so that if, for 
any reason, this pressure fails, the steam will be cut off from the 
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turbine automadcally. The Iiearlnga which support the ehafta 

used with the generators at the Kiagara Falls Power Companies' 

bplatitts are generously f1 tootled with oil and the turbines are arranged 

80 as to remove a great deal of the weight of the rotating part 



from this bearing. 



HYDRAULIC PLANTS. 



JiecausL^ of the relative ease with which eleetrieal euergy may 
bt> transiuitted long dUtances, it has becomts quite common to locate 




Fig. y. 

targis jKJWer gtatioos where there is abundant water power, and to 
transmit the energy thns generated to loerdities where it is needed. 
This tyjKi of plant has been develojjed to the greatest extent in tlm 
western part of the United States, where in some cases the trans* 
in issLon lines are very extensive. The power houses now completed j 
or in tlie course of erection at Niagara Falls, are examples of the 
onormouB size such stations may assuini^. 
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Water 



Before deciding to- utilize water power for driving the ina- 
cliinery in central stations, the following points should be noted: 

1 . The amount of water power available. 

2. The possible demand for power. 

8. Cost of developing this power as compared with cost of plants 
using other sources of power. 

4. Cost of operation compared with other plants and extent of 
transmission lines. 

Hydraulic j)lants are often much more expensive than steam 

plants, but the first cost is 
more than made up by the 
saving in operating, ex* 
penses. 

^fethods for the devel- 
opment of water powers 
vary with the nature and 
amount of the water snpplj, 
and they may be studied 
best by considering plants 
which are in successful 
operation, each one of 
which has been a special 
problem in itself. A full 
description of such plants 
would be too extensive to 
be incorporated here, but 
they can be found in the 
various technical journals. 
Water Turbines used for driving jrenerators are of two general 
classes, reaction turbines and impulse turl)ines. The former may be 
subdivided into Parallel-tlow^ Outward -flow, and Inward-flow tur- 
bines. Parallel-flow turbines are suited for low falls, not exceeding 
30 feet. Their etHciency is from 70 to 729,'. Outward-flow and 
inward-flow turbines p;ive an etticicMicy from 70 to 88%. Impulse 
turbines ait^ suitable for very high falls and should be used from 
heads exceedino; say 100 feet, though it is ditticult to say at what 
head the reaction turbi;u> would give place to the impulse wheel, 
as reaction turbines are ixi^'i^^tT cood satisfaction on heads in 
the neighborhood of 200 feet, while impulse wheels are operated 




Low Water 



Fig. 10. 
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with falls of but 80 fet^t. The Peltoii wheel is one of the best 
knowui types of impulse wheels. An etHciency as high as 80% is 




--4! 6" -J*rc 

•<- 7Q-' ^ 

Fig. 11. 

claimed for this tyj^ of wheel under favorable conditions. 
10 shows a reaction wheel and Fig. 11 illustrates a JVlton 

TABLE 7. 
Pressure of Water, 



Fig. 
wheel. 



Feet 
Heiul. 


Pressure 
Pounds per 
S<iuarelnch. 


Feet 
Head. 


10 


4.^3 


105 


15 


6.49 


110 


2() 


8.66 


115 


25 


10.8*2 


120 


.TO 


12.99 


125 


.T) 


15.16 


i;3o 


40 


17.. 32 


1.35 


45 


19.49 


140 


50 


21.65 


145 


55 


2.3.82 


150 


GO 


25.99 


155 


65 


28.15 


160 


70 


.30.32 


165 


75 


.32.48 


170 


80 


.34.65 


175 


85 


.36.82 


180 


90 


38.98 


185 


95 


41.15 


190 


100 


43. .31 


195 



Pressure 
Pounds i)er 
Square Inch. 



Feet 
Head. 



Pressure 
Pounds j)er 
S<iuare Inoh. 



45.48 


200 




47.64 


205 




49.81 


210 




.51.98 


215 




54.15 


220 




.56. 31 


225 




58.48 


2.30 




60.64 


2.35 




62.81 


240 




(54.97 


245 




67.14 


2.')0 




69.. 31 


255 




71.47 


2(30 




73.64 


265 




75.80 


270 




77.97 


275 




80.14 


280 




82.30 


285 


84.47 


290 



86. a3 

88.80 

90.96 

a3.13 

95.. '50 

97.46 

99. a3 

101.79 

103.90 

106.1.3 

108.2?) 

110.46 

112.62 

114.79 

116.96 

119.12 

121.29 

123.45 

1*25.62 



Feet 
Head. 



Pressure 
Pounds iM»r 
S(iuare Inch. 



295 i 
.300 I 
.310 
.320 ! 
330 i 
.340 I 
.3.')() ' 
;J60 I 
.370 
.380 I 
390 
400 I 
.500 I 
600 I 
700 
800 
900 ! 
1000 



127.78 
129.95 

i:m.28 

1.38.62 
142.95 
147.28 
151.61 
155.94 
160.27 
1(54.61 
1(58. f)4 
173.27 
216.. 58 
2.59.90 
.303.22 
•M6..54 
;^89.86 
4.33.18 



The fore bay leading to the flume should be made of such size 
that the velocity of water does not exceed lA feet per second, and 
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TABLE 8. 
Riveted Hydraulic Pipe. 



! 



Diam. of Pipo Area of Pipe 
ill inches. in sq. inches. 



Thickness cif 

Iron by wire 

gaiii^ce. 



3 


7 


18 


4 


12 


18 


4 


12 


10 


o 


20 


18 


5 


20 


10 


o 


20 


14 


i) 


28 


18 


a 


28 


10 


() 


28 


14 


7 


:18 


18 


7. 


;58 


10 


7 


.'58 


14 


8 


oO 


10 


8 


.")() 


14 


8 


oO 


12 


i) 


Vhl 


10 


il 


Vhl 


14 


il 


o;i 


12 


10 


• 78 


10 


10 


78 


14 


10 


78 


12 


10 


78 


11 


10 


78 


10 


11 


9.") 


10 


n 


Oo 


14 


11 


0.0 


12 


11 


0.-) 


11 


11 


0.") 


10 


12 


11.5 


10 


]'2 


11.-5 


u 


12 


ll.i 


12 


12 


ll.J 


11 


12 


11:5 


10 


i:{ 


l.',2 


10 


1.5 


1:^2 


14 


VI 


l.i2 


12 


V\ 


l.*52 


11 


\:\ 


i:i2 


10 


14 


l.>5 


10 


14 


1.V5 


14 


14 


l.Vi 


12 


14 


l.V> 


11 


14 


l.>5 


10 


ir> 


170 


10 


lo 


170 


14 


lo 


170 


12 


lo 


170 


11 


lo 


170 


10 


1() 


201 


10 


IH 


201 


14 


10 


201 


12 


10 


201 


11 



Mead Itl Fet^t 
the Pipe will 
safely stand. 



400 
80O 
02.5 
H2.0 
oOO 
075 

2m 

487 

74;i 

254 
419 
040 
;567 
560 
854 
827 
499 
761 
295 
450 
087 
754 
900 
209 
412 
020 
<)87 
820 
240 
877 
574 
f;:50 
7.0' » 
228 
.848 
.>80 
588 

mi 

211 
824 
494 
548 
048 
197 
802 
4(J0 
507 
00() 
18.5 
288 
4.82 
474 



Cu. ft, Wat^^r 

PllKj will t:uu- 

vey per min. 

at vel. 3 ft. 

per sec. 



9 

16 

16 

25 

25 

25 

80 

8() 

86 

50 

50 

50 

0.8 

0.8 

0.8 

80 

80 

80 

100 

100 

100 

100 

100 

120 

120 

120 

120 

120 

142 

142 

142 

142 

142 

170 

170 

170 

170 

170 

2(K) 

2(K) 

2(K) 

2(H) 

200 

225 

225 

225 

225 

225 

255 

2.55 

255 

2.55 



Weight per 
lineal ft. in lbs. 



3 
«>^ 

o 

5% 
% 

>r- 

8% 
10% 
l4Ji 

»>i 
11% 

'Si 

18% 
21 

14 

19% 

22% 

12 

15 

20 

22 

18 
10 

26 

13^ 

17 

2A% 

28 

HX 

17% 

24>2 

26% 
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Riveted Hydraulic Pipe. (Continued.; 











(11. ft. Water 




Diam. of Pipe 
In inohes. 


in s<i. iiichfs. 


Thickness of 
lr»>n by wii-e 


Head in Feet 
the FiiM' will 
.safely stanil. 


l»ilM« will eon- 

vey iHT niin. 

at vel.:ut. 

lM*r see. 


Weijjht i)er 
lineal ft. in lbs 


16 


201 


10 


567 


2.V> 


-^>K 


18 


2^-)4 


16 


165 


820 


W4 


18 


2.54 


14 


2.52 


820 


-^>% 


18 


254 


12 


885 


820 


273i 


18 


2.54 


11 


424 


;J20 


.80 


18 


2;)4 


10 


505 


;}20 


:J4 


2<) 


;J14 


16 


148 


4(K) 


18 


2<) 


;J14 


14 


227 


4(M) 


22 V/ 


2<) 


ai4 


12 


.•U6 


4<K) 


80 


21) 


ai4 


11 


8H0 


4<M) 


•i:i>^ 


2<) 


814 


10 


4.56 


4<M) 


.*W)V; 


22 


;J80 


16 


185 


480 


20 ' 


22 


880 


14 


20«) 


480 


24%' 


22 


880 


12 


816 


4S0 


82% 


22 


880 


11 


;J47 


4S0 


85% 


22 


880 


10 


415 


4S6 


40 


5 


452 


14 


188 


.570 


:i7>i 


24 


452 


12 


290 


.570 


8.5X 


24 


452 


11 


818 


570 


89 


24 


452 


10 


879 


5'^() 


48V.; 


24 


452 


8 


4r>6 


570 


.5:^ " 


26 


5:i0 


14 


175 


()7() 


29>^' 


26 


580 


12 


2<J7 


(>70 


•^H.^^ 


26 


580 


11 


21M 


()7() 


42 


2t> 


5:-io 


10 


852 


r)70 


87 


26 


580 


8 


482 


670 


57K 


28 


615 


14 


102 


775 


81 »4 


28 


615 


12 


247 


775 


^Vi 


28 


615 


11 


278 


775 


45 


28 


615 


10 


:J27 


775 


.50Vi 


28 


615 


8 


4(M) 


775 


<>l>i 


:m) 


im 


12 


2:51 


81H) 


44 


M) 


im 


11 


2.54 


SiM) 


48 


m 


im 


10 


;J04 


8iH) 


54 


;m) 


im 


8 


875 


8iH) 


()5 


m 


706 


7 


425 


81H) 


74 


;i6 


1017 


11 


141 


18;K) 


.58 


m 


1017 


10 


155 


18(N) 


(>7 


m 


1017 


8 


192 


l.'UH) 


78 


86 


1017 


7 


210 


18(M) 


88 


40 


12;')6 


10 


141 


16(K) 


71 


40 


1256 


8 


174 


16(M) 


S(J 


40 


125($ 


7 


181) 


16(H) 


97 


40 


12^)6 


6 


218 


16(H) 


108 


40 


1256 


4 


250 


1(>(H) 


126 


42 


1885 


10 


185 


17(>0 


7AX 


42 


1385 


8 


165 


17()() 


91 


42 


1885 


7 


180 


nm 


102 


42 


i:^5 


6 


210 


1760 


114 


42 


i:W5 


4 


240 


1760 


188 


42 


1885 


H 


270 


17(>() 


, 187 


42 


188.5 


8 


8(X) 


1760 


145 


42 


1885 


p. 


821 


1760 


177 


42 


1385 


363 


1760 


216 
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it should be free from abrupt turns. The same applies to the tail 
race. The velocity of water in wooden flumes should not exceed 
7 to 8 feet per second. Riveted steel pipe is used for the penstocks 
and for carrying water from considerable distances under high 
heads. In some locations it is buried, in others it is simply 
])laced on the ground. Wooden-stave pipe is used to a large extent 
when the heads do not much exceed 200 feet. Table 7 gives the 
pressure of water at different heads, while Table 8 gives considera- 
ble data relating to riveted -steel hydraulic pipe. 

Qovernors are required to keep the speed constant under 
change of load and change of head. Various governors are manu- 
factured which give excellent satisfaction. 

TABLE 9. 
Horse Power per cubic foot of water per minute for different heads. 



• Heads 

in 

Feet. 


Horse 


Heads 

in 
Feet. 


Horse 


Heads 

in 
Feet. 


Horse 


Heads 

in 
Feet. 

490 


Horse 


Power. 


Power 


Power. 


Power. 


1 


.0010098 


170 


.278666 


880 


.5:^1284 


.788802 


2() 


.082190 


180 


.289764 


840 


.547882 


500 


.804900 


80 


.048294 


190 


.805862 


850 


.568430 


520 


.887096 


40 


.0(54392 


200 


.821960 


860 


.579528 


540 


.860292 


50 


.080490 


210 


.888058 


870 


.595626 


560 


.901488 


60 


.096588 


220 


.854166 


880 


.611724 


580 


.983684 


70 


.112686 


280 


.870254 


890 


.627822 


600 


.965880 


80 


.128784 


240 


.886852 


400 


.648920 


650 


1.046370 


90 


.144892 


250 


.402450 


410 


.660018 


700 


1.126860 


100 


.160980 


260 


.418548 


420 


.676116 


750 


1.207360 


110 


.177078 


270 


.48464() 


480 


.692214 


800 


1.287840 


120 


.19:^176 


280 


.450744 


440 


.708812 


900 


1.448820 


lao 


.209274 


290 


.466842 


450 


.724410 


1000 


1.609800 


140 


.225872 


8(K) 


.482940 


460 


.740508 


1100 


1.770780 


ir,o 


.241470 


810 


.499088 


470 


.756(MMJ 






100 


.257568 


820 


.515186 


480 
GINES 


.772704 









GAS EN 





There are at present, in the United States, several successful 
electrical installations using gas engines as ])rinie movers, while 
they have been operated abroad for a greater length of time. The 
advantages for gas engines are given as follows: 

1. Mmimum fuel and beat consumption. 

2. Light-load efficiency is higher than for the steam engines. 

3. Low cost of operation and maintenance. 
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4. Siinpliiieation of e<)iiipinent and siiuill luiinher of auxiliarieH. 

o. Xo heat lost due to radiation when en^iuen are idle. 

(). Quick startinjr. 

7. Extensions may be easily made. 

8. High pressures are limited to the engine cylinders. 

Fitr. 12 shows the efficiency and amount of jras consumed by 
a ooO 1 1. P. encrine, Pittsburo; natural criis being used. 

The only auxiliaries needed are the igniter generators and the 
air compressors, with a pump for the jacket water in some cases. 
These may be driven by a uu)tor or by a sej)arate gas engine. 
The jacket water may be utilized for heating purposes in many 
plants. Cooling towers may be installed where water is scarce. 






i'.iHNi ::.i 

ItNMril .11 

MMNI ]l) 

OINM) II 




Load Hiirbc i'owor. 



Fig. 12. 

Parallel operation of alternators when direct-driven by gas 
engines has been successful, a sj>ring coupling being used between 
the engines and generators in some cases to absorb the variation in 
angular velocity. 

The fact that no losses occur, due to heat radiation \vhen the 
machines are not running, and the lack of losses in piping, add 
greatly to the plant efficiency. If j)roducer gas or blast furnace 
gas is used, a larger engine must be installed, to give the same 
power, than when natural or ordinary coal gas is used Electric 
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stations are often combined with gas works, and gas engines can 
be installed in such stations to particular advantage in many cases. 

THE ELECTRICAL PLANT. 
GENERATORS. 

The first thing to be considered in the electrical plant is the 
generators, after which the auxiliary apparatus in the way of 
exciters, controlling switches, safety devices, etc., will be taken up. 
A general rule which, by the way, applies to almost all machinery for 
j)ower stations is to select apparatus which is considered as "stand- 
ard" by the manufacturing companies. This rule should be fol- 
lowed for two reasons. First, reliable companies employ men who 
may be considered as experts in the design of their machines, and 
their best designs are the ones which are standardized. Second, 
standard apparatus is from 15 to 25% cheaper than semi-standard 
or special work, owing to larger production, and it can be fur- 
nished on much shorter notice. Again, repair parts are more 
cheaply and readily obtained. 

Specifications should call for performance, and details should 
be left, to a very large extent, to the manufacturers. Following 
are some of the matters which may be incorporated in the specifi- 
cations for generators: 

1. Type and general characteristics. 

2. (.'apacity and overload with heating limits. 
H. Commercial etficieucyat varioiiH loads. 

4. Excitation. 

5. Speed and regulation. 
(). P'loor space. 

7. Mechanical features. 

As to the type of machine, this will be- determined by the 
system selected. They niay be direct-current, alternating-current, 
single or polyphase, or as in some plants now in operation, they 
may be double-current generators. The voltage, compounding, 
frequency, etc., should be stated. Direct-current machines are sel- 
dom wound for a voltage above 000, but alternating-current genera- 
tors maybe purchased which will give as high as 15,000 volts at the 
terminals. As a rule it is well not to use an extremely high volt- 
age for the generators themselves, but to use step-up transform. 
ers in case a very high line voltage is necessary. Up to about 
TjOOO volts generators may bo safely used directly on the line. 
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Above this local conditions will decide whether to connect the 
machine directly to the line or to step up the voltage. Machines 
wound for high potential are more expensive for the same capacity 
and efficiency, but the cost of step-up transformers and the losses 
in the same are saved by using such machines, so that there is a 
slight gain in efficiency which may be utilized in better regulation 
of the system, or in lighter construction of the line. On the other 
liand, lightning troubles are liable to be aggravated when tranci- 
formers are not used, as the transformers act as additional protec- 
tion to the machines, and if the transformers are injured they 
may be more readily repaired or replaced. 

The following voltages are considered standard: 

Direct-current generators 125, 250, 550-600. 

Altematiug-eurrent systems, high i)res8ure, 2,200, 6,000^ 10,000, 
15,000, 20,000, 80,000, 40,000, 60,000. 

The generators, with transformers when used, should be capa- 
ble of giving a no-load voltage 10% in excess of these figures. 
25 and 00 cycles are considered as standard frequencies, the 
former being more desirable for railway work and the latter for 
lighting purposes. 

The size of machines to be chosen has been briefly considered. 
Alternators are rated for non-inductive load or a power factor of 
unity. Aside from the overload capacity to be counted upon as 
reserve, the Standardization Report of the American Institute of 
Electrical Engineers recommends the following for the heating 
limits and overload capacity of generators: 

Maximum vahies of temperature elevation. 

Field and armature, Iry resistance, 50^^ C. 

Commutator and collector rings and brushes, by thermometer, 55° C. 

Bearings and other parts of machine, by thermometer, 40*^ C 

Overload cajiacity should be 25% for two hours, with a tem- 
perature rise not to exceed 15'^ above full load values, the machine 
to be at constant temperature reached under normal load, before 
the overload is applied. A momentary overload of 50% should be 
|)ermissible without excessive sparking or injury. Some Com- 
panies recommend an overload capacity of 50% for two hours 
when the machines are to be used for railway purposes. 
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As a rule, generators should have a high efficiency over a con- 
siderable rancre of load, althontjh the nature of the load will have 
much to do with this. It is always desirable that maximum effi- 
ciency be as high as is compatible with economic investment. 

Table 10 gives reasonable efficiencies which may be expected 
for generating apparatus. In order to arrive at what may be con- 
sidered the best maximum efficiency to be chosen, the cost of power 
generation must be known, or estimated, and the fixed charges on 
capital invested must also be a known quantity. From the cost 
of ])ower, the saving on each per cent increase in efficiency can be 
determined, and this should be compared with the charges on the 
additional investment necessary to secure this increased efficiency. 
A certain point will be found wliere the sum of the two will be a 
minimum. 

If a generator is to be run for a considerable time at light 
loads, one with low '' no-load " losses should be chosen. These 
losses are not rigidly fixed but they vary slightly with change 
of load. It is the same question of "all-day efficiency" which 
^is treated, in the case of transformers, in " Power Transmission ". 
Under no-load losses may be considered, in shunt- wound gener- 
ators, friction losses, core losses, and shunt-field losses. PK losses 
in the series field, in the armature, and in the brushes, vary as the 
s(juare of the load. 

Table 10. 
Averas:e Maximum Efficiencies. 

K.W. Percent 

o 85 

10 88 

2o 90 

50 92 

150 93 

200 94 

500 95 

KHK) 96 

Dynamos, if for direct current, may be self-excited, shunt- or 
compound-wound, or separately excited. Separate excitation is not 
reconimended for these machines. Alternators require separate 
excitation, though they may be compounded by usincr a portion of 
the armature current when rectified ])y a commutator. Automatic 
regulation of voltage is always desirable, hence the general use of 
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compound -wound machines for direct currents. Many alternators 
using rectified currents in series fields for keeping the voltage 
nearly constant are in service in small plants as well as several of 
the so-called ''compensated" alternators, arranged with special 
devices which maintain the same compounding with different 
])ower factors. The latter machine gives good satisfaction if 
pro])erly cared for, but an automatic regulator, governed l)y the 
generator voltage alid current, which acts directly on the exciter 
field, is taking its place. The capacity of the exciters must be 
such that they will furnish sufficient excitation to maintain normal 
voltage at the terminals of the generators when running at 50% 
overload. Table 11 gives the proper capacity of exciter for the 
generator listed. 

TABLE II. 
Exciters for Single-Phase Alternating-Current Generators. 

60 Cycles. 



A Iter mi lor 
Classincatioii. 


•J. 

2 . 
») . 
o . 
2 . 


Exciter 
ssitli'iitioii. 




K.W. 

Speed. 


H- OO-JKK) 

8- 90 -JKK) 

8-120-900 

12-180-(K)0 

KJ _ a(K) - 450 


-I.o-IJKK) 
-1.5-lJKK) 

-i.o-mx) 

-2.n-V.HH) 
-4.5-lH(K) 



If direct -connected, the speeds of the generators wmII be 
determined by the ])rinie mover selected. If belt-driven, small 
machines may be run at a high S|)eed, as high-speed machines are 
cheaper than slow- or moderate-speed generators. In large sizes,, 
this saving is not so great. 

When shunt- wound dynamos are used, the inherent regula- 
tion should not exceed 2 to 8% for large machines. For alterna- 
tors, this is much greater and dej)ends on the power factor of the 
load. A fair value for the regulation of alternators on non- 
inductive load is 10 per cent. 

Exciters may be either direct -con nee ted or belted to the shaft 
of the machine which they excite, or they may be separately 
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driven. They are usually compound-wound and furnish current 
at 125 or 250 volts. Separately driven exciters are preferred 
for most plants as they furnish a more flexible system, and any 
drop in the speed of the generator does not affect the exciter 
voltage. Ample reserve capacity of exciters should be installed, 
and in some cases storage batteries, used in conjunction with 
exciters, are recommended in order to insure reliability of service. 

Motor-generator sets, boosters, frequency changers, and other 
rotating devices come under 
the head of special apparatus 
and are governed by the same 
general rules as generators. 

Transformers for step- 
ping the voltage from that 
generated by the machine up 
to the desired line voltage, or 
"irhe "d&paa^ at the substation, 
may be of three general types, 
according to the method of 
cooling. Large transformers 
require artificial means of 
cooling, if they are not to be 
too bulky and expensive. 
They may be air-cooled, oil- 
cooled, or water-cooled. 

Air-cooled transfonmrs are usually ni6unted over an air- 
tight pit fitted with one or more motor-driven blowers which feed 
into the pit. The transformer coils are subdivided so that no part 
of the winding is at a great distance from air and the iron -is pro- 
vided with ducts. Separate damj)er8 control the amount of air 
which passes between the coils or through the iron. Such trans- 
formers give good satisfaction for voltages up to 20,000 or higher, 
and can be built for any capacity. ( are must be taken to see that 
th6rd Li ao liability of the air supply failing, as the capacity of the 
twusformers ifl greatly red\iced when not supplied with air. Fig. 
13 shows a three-phase. air-blast transfornu»r. 




Fig. 18. 
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OU-eooled tnfH^ftfrmem have their cores and v^^mdings placed 
in a large tank lilleil with oil. The oil series to conduct the heat 
to the case, and the case is usually either made of corrugated sheet 
metal orof cast iron containing deep grooves, so as to increase the 
radiating surface. These transformers do not require such heavy 




Fign 11. I5U K.W* S«5lf-CtK>l*Hl on l'riiiisform**.r. 

insulation on iLe ( outside uf the cutla ais air- blast ujaehincH l>ucauae 
the oil survtiB this |mr|Ki8e, Siuiple uil-cooled trHnsforiners are 
seldom Imilt for capacities exceeding 350 K.W, as they heeotne 
too Inilky, \\\\t tliey an* eiuployi'd fen' the hi*^li(*Kt voltages mw in 
use. Fig. H shows a transformer uf tiiis^ tjjR% 
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Water-cooled trauHfornter'^. A\Tieii large transformers for high 
voltages are required, the water-cooled type is usually selected. 
This type is similar to an oil-cooled transformer, but with water 




Fig. 15. Wuter-Conled Transformer. 



tubes arnint^ed in coils in tlic toj). Cold watci' |)asses througli 
these tnl)es and aids in reniovintr lu^at from the oil. Some types 
have the low-tension windiiio;s made* up of tnbes throutdi which 
the" water circulates. Wat(M*-coole(l transformers must not have 
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the supply of cooling \viitt?r shut olT for aiiy length of time when 
iirtdei' iioniml loiid or t Lev will ovt*rlit*ftt» Fiif. lo shows a water- 
cooled traiiii former. 

For eountit'tiona uf tratisfonners, see ** i*ower TrHiismiasiuji*'. 




Fig. IB. m) K.W. Wai*r Cooled Oil Tr:in»mniier. 

One or more spare tratjefonuers should always be on hand and 
they eliynld he arranged &o that they eiin he put into serviee on 
very tihort notice, 

Thi^*e^ phase transformers allow a eonsiderahle saving In lloor 
tisj>aee,a8 can he seen by referring to Fig. 16; they are cheajier than 
three sejmrate trani^fonners which make up the tiaiiie capacity^ hut 
they me Tiot i*a fiexible as a single-pha.se trariBfornier and one 
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complete unit must be held for a reserve or '^ spare'' transformer. 
5torage Batteries. The use of storage batteries for central 
stations and substations is clearly outlined in " Storage Batteries ". 
The chief points of advantage may be enumerated as follows: 



\ /^^=^ 



3ijH 



L^T^immi^Tt^mmJm 



1 



ijSi 




Sluglc-Pbase Alr-Blast Transformers. Total Capacily 3,000 K.W, 



.r^. jS 




Z/^fe^y^Sy 




ThrcfPhase Air-Blast Transformers. Total Cai>acity 3,000 K.W. 
Fig. 16. 

1. Reduction in fuel conKumption <iue to tlie K^neratiiig niaehiiiei,y 
being run at its greatewt economy. 

:!. lietter voltage regulation. 

8. Increaned reserve capacity and lews liability to interruption of 
service. 

The main disadvantHcrc is tlu» hijrh cost. 

Switchboards. The switchboard is the most vital jjart of 
the whole system of supply, and should receive consideration as 
such. Its objects arc: to collect the cntMgy as su})j)lieil by the iren- 
erators and direct it to the desired feeders, either overhead or 
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under ground; furnish a support for the various measuring instru- 
ments connected in service, as well as the safety devices for the 
protection of the generating apparatus; and control the pressure 
of the supply. Some of the essential features of all switch- 
boards are: 

1. The apparatus and BUi)ports iiiuHt be iire-pnmf. 

2. The conducting parts must not overheat. 
8. Parts-must be easily accessible. 

4. Live parts except for low potentials must not he i)lace(i on the 
front of the operating panels. 

5. The arrangement of circuits must be symmetrical and as simple 
as it is convenient to make them. 

0. Apparatus must be arranged so that it is impossible to make a 
wrong connection that would lead to serious results. 

7. It should be arranged so that extensions may be readily made. 

There are two general types — in the lirst, all of the switching 
and indicating apparatus is mounted directly on panels, and in the 
second, the current-carrying parts are at some distance from the 
panels, the switches being controlled by long connecting rods; op- 
erated electrically or by means of compressed air. The lirst may 
again be divided into direct-current and alternating-current switch- 
boards. It is from the lirst class of apparatus that the switchboard 
gets its name and the term is still applied, even when the board 
proper forms the smallest part of the equipment. Switchboards 
have been standardized to the extent that standard generator, ex- 
citer, feeder, and motor panels may be purchased for certain classes 
of work, but the vast majority of them are made up as semi-stand- 
ard or sj>ecial. 

The leads which carry the current from the machines to the 
switches should be put in with very careful consideration. Their 
size should be such that they will not heat excessively when carry- 
ing the rated overload of the machine, and they should preferably 
be placed in fire- proof ducts, although low-jK)tential leads do not 
always require this construction. C^urves showing sizes for lead- 
covered cables for different currents are given in *•'• Power Trans- 
mission ". Table 12 gives standard sizes of wires and cables to- 
gether with the thickiu»ss of insulation necx^ssary for different 
voltages. Cables should l)e kept separate as far as jwssible so 
that if a fault does occur on one cable, neighboring conductors 



46 POWER STATIONS 



will not be injured. For lamp and instrument wiring, such as 
leads to potential and current transformers, the following sizes of 
wire are recommended : 

No. 16 or No. 14, wiring to lamp sockets. 

No. 12 wire, ^\" rubber insulation, all other small wiring under (KM) 
volts potential. 

No. 12, i^a" rubber insulation for primaries of potential transformers 
from 600 to 3,500 volts. 

No. 8, ift" rubber insulation for primaries of potential trausforiiiers 
up to 6,600 volts. 

No. 8, a'* rubber insulation for i)rimaries of potential trausfoniiers 
up to 10,000 volts. 

No. 4, i\ rubber insulation for primaries of potential transformers 
up to 15,000 volts. 

No. 4, li rubber insulation for primaries of ))otential transforiuers 
up to 20,000 volts. 

No. 4, ij rubber insulation for primaries of potential transformers 
up to 25,000 volts. 

Where high-tension cables leave their metallic shields they 
are liable to puncture, so that the sheath should be flared out at 
this point and the insulation increased by the addition of com- 
f)ound. Fig. 17 shows such cable bells, as they are called, as 
recommended by the General Electric Company. 

Central-station switchboards are usually constructed of panels 
about 90 inches high, from 10 inches to 3(5 inches wide, and li 
inches to 2 inches thick. Such panels are made of Blue Vermont, 
Pink Tennessee, or White Italian marble, or of black enameled 
slate. Slate is not recommended for voltages exceeding 1,100. The 
[)anels are in two parts, the sub-base being from 24 to 28 inches 
high. They are polished on the front aiid the edges are beveled. 
Angle and tee bars, together with foot irons and tie rods, form the 
supports for such panels, and on these panels are mounted the in- 
struments, main switches, or controlling aj)paratus for the main 
switches, as the case may be, together with relays and hand wheels 
for rheostats and regulators. Small panels are sometimes mounted 
on pipe supports. 

The usual arrangement of the panels is to have a separate 
panel for each generator, exciter, and feeder, together with what is 
known as a station or total-output panel. In order to facilitate 
extensions and simplify connections, the feeder panels are located 
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at one end of the board and tlie generator |>aneis are plaet*il at the 
other end, and the total-output panel between the two. The main 
bus bars extend throughout the length of the generator and feeder 
panels, and the desired conneetions are readily made. The instru- 
ments required are very numerous and a brief description only of 
a few of the more important can be given here. 

TABLE 12. 
Standard Wire and Cable. 

wire (SoUd). 



Diam. 
Inches. 



Circular 
Mils. 



Bare. 



4,l()({i 

41,748 
()f),K7a 

ia5,r)<)8 
18:^,079, 

l(i7,8(»r)! 

211,fJ<M) 



.051 

Am 

.128 
M\2 
.2<M 
.257 
.28*) 
,825 
.8()5 
.410 
.4<iO 



No. 80 
80 
80 
18 



Iff 

it 



Dr. 



4 
6 

10 

25 

40 

(>) 

fN) 

110 

180 

170 

205 

250 



rt x Amps. 

»t: Con. \£ 

^i^ , Current cs 
I Capacity. '> 



Thickness of Kuhber 
Insulation. 



f 




^ 


A 


iV 




Sin 


A 



Special Insulation. 



I 



U ! Ji 



Gauge. 



B. & S 



16 

14 

12 

8 

6 

4 

2 

1 



. (K) 

0(K) 

0000 



Cable. 

(Stranded.) 



Circular 
Mils. 



250,000 

800,000 

850,000 

400,000 

500,000 

600,000 

800,000 

1,000,000 

1,500,000 

2.000,000 



Diameter. 
Inches 
Bare. 



.568 

.687 

.680 

.785 

.820 

.900 

1.037 

1.157 

1.412 

1.65 



Terminal 
Drilling 



51" 
■f 

\i" 



1"" 
11" 

li" 



('<m. C!urr. 
Capacity. 
I Amps. 

290 
840 
880 
420 
500 
575 
710 
880 
1100 
1850 



Thickness of Rubber 

Insulation. 

(For flOCK) V. only.) 
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Wiped joint 




alberene soapstone 
K^ or wood , 




- •*' lextra insukit ion 

I Q V X-3l5a+2.l5Y+4.3d 

Three-Conductor Cable Without Joints. 



Wiped joint 




alberene soapstone 
"""^ or wood 



r^ 



I "* ^-. VT. r. ■ ■. .t.t; .' .f7 . ...;.... ... ..... . i r rf yi — ^ '*> 

(tir_7*i ca Jexira insulation 

^ D ^ x-3 




x-3.iaa.-t-2.is Y+A.sd 



Three-Conductor Cable With Joints. 



Wiped joint alberene soapstone 




noo7 comi 



npound 



^^53 



o 



Two-Conductor Cable With Joints. 



extra insulation^ J*^^^^ 

X«SO •»^2Y-t-4d 



Wiped Joint ^^ 



C 



THcnr 



alberene soapstone^ 



P , Yb 



no 7 compound ^^ ^-L--** ^ 

JextrcL insulation x^^XL-i-Y+2d 

w -B ** 

Sinirlo-Conductor Cable With Joints. 



voi/rs. 

1 


A 


li 


(' 


1) 


K 


(UMK) : 


1 


12 . 





1 - 

, 8 


-'•2 


lHli(K) 


i.V 


„ 


S 


. 4 


4 


2<t4(K) . 


>) 


19 


14 


1 ' 
. 1 


7 



\ -inch l^jid or iVinch Hrass Hells. 
Y\%. 17. 
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Breaker' 



For direct current generator panels tbero aro usually re- 
quired: 

1 Main switch 

1 Field switch. 

1 Ammeter. 

1 Voltmeter. 

1 Field rheostat with controllniK mechanism. 

1 Circuit breaker 

Bus bars and various connections. 

These may be arranged in any suitable order, the circuit 
breaker being preferably located at the toj) so that any arcing 
which may occur will not injure, other instruments. Fig. IS gives 
a wiring diagram of such a panel. 

The main switch may be single or double throw, depending 
on whether one or two sets of bus 
bars are used. It may be triple 
pole as shown in Fig. IS, in 
which the middle bar serves as 
the equalizing switch, or the equal- 
izing switch may be mounted on a 
pedestal near the machine, in 
which case the generator switch 
would l)e double-pole. 

The field switch for large ma- 
chines should l>e double-pole fitted 
with carbon breaks and arranged 
with a discharge resistance con- 
sisting of a resistance which is 
thrown across the terminals of the field just l>efore the main cir- 
cuit is opened. One voltmeter located on a swinging bracket at 
the end of the panel, and arranged so that it can be thrown across 
any machine or across the bus bars by means of a dial switch, is 
sometimes used, but it is preferable to have a separate meter for 
each generator. 

Small rheostats are mounted on the back of the panel, but 
large ones are chain operated and preferably located below the 
floor, the controlling hand wheel l>eing mounted on the panel. 

The circuit breaker may be of the carbon break or the mag- 
netic blow-out type. ¥\g. 10 shows circuit breakers of lx>th 




Amfnetor 



Voltmeter 



— lO.P. Fletd 



Rheostat 



GeneroLtor 
Fig. IH. 
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types. Lighting panels for low j)otential8 are often fitted with 
fuses instead of circuit breakers, in wliich case they may be oj)en 
fuses on the back of the panel or enclosed fuses on either the 
front or back of the jyanel. 

Direct-Current feeder panels contain: 

1 Ammeter. 

1 Circuit lireaker. 

1 or more main switches, single-pole, and Hingle- or double-throw. 

1 recording wattmeter, not always used 

Apparatus for controllmg regulators when such are U8e<l. 




Fig. 19. 

One voltmeter usually serves for several feeder jmnels, such a 
meter l)eing mounted above the panels or on a swinging bracket 
at the end. Switches should ju'cferably be of the quick-break 
ty|)e. Fig. "20 shows some standard railway feeder ])anels. 

Exciter Panels art^ nothing more than giMierator j^anela on a 
small scale. 




POWER HOUSE OF NiIW YO'rtlC SUBWAY* 

SbawJQtf Fiveol ihe Xiue i^.Oixi LLnrstf Power AUJh i.halmorji Knglnea. 
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Yotal Output Panels contain instrniiients recording the total 
power delivered by the plant to the switchboard. Alternating- 
current panels for potentials up to 1,100 volts follow the same 
general construction. Synchronizing devices are necessary on the 
generator panels, and additional ammeters are used for polyphase 
boards. Sometimes the exciter and generator panels are combined 




Fig. 19. 

in one. Fig. 21 shows such a combination. The same construction 
is sometimes used for voltages up to 2,500, though it is not usually 
recommended. The ])aralleling of alternators is treated in ^'Man- 
agement of Dynamo Electric Machinery". 

For the higher voltages, the measuring instruments are do 
longer connected directly in the circuit, and the main switch is not 
mounted directly on the panel. Current and potential trans- 
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formers are used for connecting to the indicating voltmeters and 
ammeters, and the recording wattmeters and potential transformers 
are used for the synchronizing device. These transformers are 
mounted at some distance from the panel, wliile the switches may 
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Fig. 20. 

be located near the panel and operated by a system of levers, or 
they may be located at considerable distance and operated by elec- 
tricity or by compressed air. 

Oil Switches are recomuiended for all high potential work 
for the following reasons: By their use it is })ossible to open cir- 
cuits of higher potential and carrying greater currents than with 
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any other type of switch. They may be made (jiiite com|)act. They 
may readily be made automatic and thus serve as circuit breakers 
for the protection of machines and circuits when overloaded. 



SWITCHBOARD PANEL FOR 

ONE THREE-PHASE ALTERNATING CURRENT GENERATOR 

TO 2500 VOLTS 


















CLASSIFICATION | 


Typ« 


Volt* 




Form 


Sw.tch 


r.eld 
Annm«ler 


^^r« 


AT6 


2300 


I30 


A 1 


ST. 


•»V< 


«wth 


ATO 


2900 


ISO 


A 2 


S.T. 


witK 


wt.Neu% 


ATa 


2900 


ISO 


A 3 


ST. 


»it.ho«it 


wiU» 


AT« 


2900 


ISO 


A4 


S.T. 


w.thoot 


w.t^out 


ATe 


2900 


130 


AS 


ar. 


wtM 




ATe 


2S0O 


190 


Ae 


ar. 


withcw* 


wit>»o«t, • 



Tranalbrmar « cabbratcd with >^ltm«t«r only. Tb«r«<bra Synchronizin* Plug mvMt fa 
Ihr cnrr«ct Vtoltrrwtw rmmding 

Fig. 21. 

There are several types on the market. One constructed for 
three-phase work, to be closed by hand and to be electrically 
trij)ped or opened by hand, is shown in Fig. 2:2. This shows the 
switch without the can containing thtj oil. Fig. 23 shows a similar 
switch hand-operated, with the can in place. Both of these 
switches are arranged to be mounted on the panel. Fig. 24 shows 
how the same switches are mounted when placed at some distance 
from the panel. For high voltages, they are placed in brick ceils 
and often three 8e}>arate single-pole switclies are used, each placed 
in a 8ej)arate cell so that in jury to the contacts in one leg will in 
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no way affect the other parts of the switch. A form of oil switch 
used for the very highest potentials and currents met with in prac- 
tice, is shown in Fig. 25. This particular switch is operated by 
means of an electric motor, though it may be as readily arranged to 
operate by means of a solenoid or by compressed air. General 
practice is to place all high-tension bns bars and circuits in separate 
compartments formed by brick or cement, and duplicate bus bars 
are quite common. 




Fit:. 22. 



Oil switches are made automatic by means of tripping mag- 
nets, which are connected in the secondary circuits of current 
transformers, or they may be operated by means of relays fed 
from the secondaries of current transformers in the main leads. 
Such relays are made very compact and can be mounted on th« 
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front or Imek of the switchlKiaiil f>aiiels. The wiring of sneh trip* 
plug devices is bIiqwu in Fig. 2B. 

With remote control of Bwitches, the ewitchboiird hwoiues in 
many ingtaiices more properly a switch honsts a st^parate Ijuiklin^ 
l»eing devoted to the biijs burs, s%ritcbes, and i*ourit*i'tions. In othyr 
eases a framework of atjf^le bars or gas pipe is made for the enjjport 
of the switehes, bus bars^ current and potential Iransformers, etc. 




Fie. 23. 

Addftioual types of |mnels which may be mentioned ai-e trans- 
former panel s, usually contain ini£ switching apparatus only; rotary 
coinx*rter jmueld for buth tlie aUt'niatiug mirreiU aiitl direct -current 
iitlcB; iaduetiou-ujotor jjain^le mu\ are-board panels. The hitter 
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are arranged to operate with plug switches. A single panel used 
in the operation of series transformers on arc-lighting circuits is 
shown in Ficr. 27. 

Safety Devices. In addition to the ordinary overload trip- 
ping devices which have already been considered, there are various 
safety devices necessary in connection with the operation of cen- 
tral stations. One of the most important of these is the llyhtnhuj 
arreister. For direct-current work, the lightning arrester takes the 
form of a single gap connected in series with a high resistance and 
fitted with some device for destroying the arc formed by discharge 
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Fi^r. 25. 

to the ground. One of these is connected between either side of 
the circuit and the ground, as shown diagrammatically in Fig. 28. 
A "kicking" coil is connected in circuit between the arresters and 
the machine to be protected, to aid in forcing the lightning dis- 
charge across the gap. In railway feeder panels such kicking 
coils are mounted on the backs of the panels. 

For alternating-current work, several gaps are arranged in 
series, these gaps l>eing formed between cylinders of '' non-arcing" 
metal. High resistances and reactance coils are used with these, 
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as ill direct-current arresters. 
Fig. 29 shows connections 
for a 10,000-volt lightning 
arrester. Lighting arresters 
should always be provided 
with knife blade switches so 
that they can be discon- 
nected from the circuit for 
inspection and repairs. A 
typical installation of light- 
niiig arresters is shown in 
Fig. 30. 

lieverse-current relays are 
installed when machines or 
lines are o|)e rated in j>arHllel. 
If two or more alternators 
are running; and connected 
to the same set of bus bars, 
and one of these should fail 
to generate voltage by the 
opening of the field circuit, 
or some other cause, the 
other machine would feed 
into this generator and 
might cause considerable 
damage before the current 
flowing would be sufficient 
to ojK^rate the circuit breaker 
by means of the overload trip 
coils. To avoid this, re- 
verse-current relays are used. 
They are so arranged as to 
operate at say ^ the normal 
current of the machine or 



line, but to operate only when tlu^ power is being delivered in the 
wrontr (lirt'Ction. 

Speed limit drvici^s are used on both engines and rotary con- 
verters to prevent racing in the one case and running away in tho 



POWER STATIONS 



m 



BecoiiiL Such devices act on tlit? steam supply of engines and on 
the <Iirect-ciirrent cireuit liresikers of mtHryeouvet'terB, res^jHX'tively, 

('ornplete wirnij]^ diat^rarn for a mil way ttwitcblKiard h Bhown 
in Fi^, :JL 

Substations. Substations ari- for l\ic |>ll1]lo^u of irnnt^form- 
ia^ the high poteiithils down tt> i^nvh poteutSHls aB can l>e n&etl on 







motors or lairips, and in many eases to convert alternating en r rent 
into direct etirrent, Step^down lrsLnsf€>riners do not dillVr in any 
respect from etejj-up transformers. Either motor^genemtor Bets 
or rotary conveners may l)e need to change from alternating to 
direct current, Tha former consist of synchronous or induction 
motors, direct couuected to direct-eurrent generators, mounted on 



60 



POWER STATIONS 



the same bedplate. The generator may 1)6 shunt or compound 
wound, as desired. Kotary converters are direct-current genera- 
tors, thougli specially designed; they are fitted with collector rings 
attached to the winding at definite points. The alternating cur-* 
rent is fed into these rings and the machine runs as a synchronous 
Connections for series arc liaViting circuits up to eooovohks 
oenercLtor ^..^r eac tone e coll 




cjrounci 

Connections forllqhtinq or poy/er circuits 
uptoaso volts (metallic circuits) ' 

reactance coil 



aenerator 




nfx>tor 



diao|ram of 
w/indinq 



qrcxphite 
resistanc©. 



sparky 
c^ap' _, 

blow-out |x^ 

coir ,^ j^ 

Connections for railway circuits upto 650 volts 
reactance coil (one side q rounded) 
. — rmm — ^ ^ ' 

qenera- 
^ tor 




1 



T 



Reaction coil is 
composed of^s* of 
conductor wound 
inacoilof twoor 
more turns as con 
venient- 




Fig. 28. 
motor, while direct current is delivered at the commutator end. 
There is a fixed relation between the voltage applied to the alter- 
natintT-c'urrent side and the direct-current voltage, which depends 
on the shape of the wave form, losses in the armature, pole pitch 
of the machine, method of connection, etc. The generally accepted 
values are as follows: 
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TABLE 13. 
Full Load Ratios. 

Current. Potential. 

Continuous 100 

Two-phase ( 550 volts 72.5 

and Six-phase < 250 " 7J5 

I diametrical) f 125 " 7^.5 

Three-phase (550 '* 62 

-!250 " 62 

(Hi 



and Six-phase 

(Y or delta) (125 

Tlie increase of capacity of six-])hase machines over other 
machines of the same size is given in Table 14. 

This increase is due to 
the fact that, with a greater Alternator,^Reactanc e Coil 
number of phases, less of the 
winding is traversed by the 
current which passes through 
the converter. The saving 
by increasing tlie number of 
phases beyond six is but 
slight and the system be- 
comes too complex, liotary 
converters may ])e over-com- 
pounded by the addition of 
series fields, ])rovided the re- 
actance in the alternating cir- 
cuits be of a proper value. 
It is customary to insert re- 
actance coils in the leads from 
the low-tension side of the 
step-down transformers to 
the collector rings to l)ring 

the reactance to a value which will insure the desired compounding. 
Again, the voltage may be controlled by means of induction regu- 

TABLE 14. 

Capacity Ratios. 

Continuous-current generator 100 

Single-phase converter 85 

Two-phase converter 164 

Three-phase converter 134 

Six-phase converter ; . , 196 
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lators placed in the alternating-current leads. Motor-generatoni 
are more costly and occupy more sjjace than rotary converters, but 
the regulation of the voltage is much lu^tter and they are to be 
preferred for lighting purposes. 

Buildings. The power station usually has a ])uilding devoted 
entirely to this work, while the substations, if small, are often 
made a part of other buildings. AVhile the detail of design and 
construction of the buildings for power plants belongs primarily 
to the architect, it is the duty of the electrical engineer to arrang.^ 
tlie machinery to the best advantage, and he should always be con- 
sulted in regard to the general ])lans at least, as this may save 
much time and expense in the way of necessary modifications. 
The general arrangement of the machinery will l)e taken up later, 
but a few points in connection with the construction of the build- 
ings and foundations will be considered here. 

Space must be ])rovided for the boiler, — this may be a sepa- 
rate building — engine and dynamo room, general and private 
offices, store rooms and repair shops. Very careful consideration 
should be given to each ot these departments. The boiler room 
should be parallel with the engine room, so as to reduce the neces- 
sary amount of steam ])iping to a minimum, and if both rooms 
are in the same building a brick wall should separate the two, no 
openings which would allow dirt to come from the l)()iler room to 
the engine room beintr allowed. The heiMit of both boiler and 
engine rooms should be such as to allow ample headway for lifting 
machinery and sj)ace for placing and repairing boilers, while pro- 
vision should ])e made for extending these rooms in at least one 
direction. Both engine and boiler rooms should be fitted with 
j)roper traveling cranes to facilitate the handling of the units. In 
some cases the engines and dynamos occupy separate rooms, but 
this is not general practice. Ample light is necessary, especially 
in the engine rooms. The size of the offices, store rooms, etc., will 
, de{)end entirely on local conditions. 

The foundations for both the walls and the machinery must 
be of the very best. It is well to excavate the entire space under 
the engine room to a depth of eight to ten feet so as to form 
a basement, while in most cases the excavations must be made to a 
greater depth for the walls. Foundation trenches are sometimes 
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filled with concrete to a depth sufficient to form a good under- 
footing. The area of the foundation footing should be great enough 
to keep the pressure within a safe limit for the quality of the soil. 




The walls themselves may be of wood, brick, stone, or concrete. 
Wood is used for very small stations only, while brick may be 
used alone or in conjunction with steel framincr, the latter con- 
struction being used to a considerable extent. If brick alone is 
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used, the walls should never l>e less than twelve inches thick, and 
eighteen to twenty inches is better for large buildings. They 
must be amply reinforced with pilasters. Stone is used only for 
the most expensive stations. The interior of the walls is formed 
of glazed brick, when the exj^nse of such construction is war- 
ranted. In fireproof construction, which is always desirable for 
power stations, the roofs are supported by steel trusses and take a 
threat variety of forms. Fiir. 82 shows what has been recommended 
as standard construction for lighting stations, showing both brick 
and wood construction. The floors erf the .entwine room should be 




FiK. 33. 

made of some material which will not form grit or dust. Hard 
tile, unglazcd, set in cement or wood floors, is desirable. Storage 
])attery rooms should be separate from all others and should have 
their interior lined with some material which will not be aflfecteil 
by the acid fumes. The ])est of ventilation is desirable for all parts 
of the station, but is of particular importance in the dynamo room 
if the machines are being heavily loaded. Substation construction 
does not differ from that of central stations when a separate build- 
ing is erected. They should be Kreproof if possible. 

The foundations for machinery should be entirely separate 
from those of the building. Not only must the foundations be 
sta])le, ])Ut in some locations it is particularly desirable that no 
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vibrations be transmitted to adjoining rooms and buildings. A 
loose or sandy soil does not transmit such vibrations readily, but 
tirm earth or rock transmits them almost perfectly. Sand, wool, 
Liair, felt, mineral wool, and asphaltum concrete are some of the 
materials used to prevent this. The excavation for the, foundation is 
made from two to three feet deeper and two to three feet wider on 
all sides than the foundation, and the sand, or whatever material 
is used, occupies this extra space. 



, Center of S haft. 




r--|- -34.---H6> 




Tor bricK foundation a l2"foo(tinQOf 
concret,« shouiid »3« laid. Oept.h or foond- 
ation muat be aoverned bg -the ch>ar- 
acter of t,^>e aoil OaLt/Cr \ to O. 

Poor>dat,ton timbers •nd flooring sl^ould 
be independent of station floor. 



Fig. 'Sk, 



Brick, stone, or concrete is used for building up the greater 
jmrt of machinery foundations, the machines being held in place 
by means of bolts fastened in masonry. A template, giving the 
location of all bolts to be used in holding the nuichine in place, 
should be furnished, and the bolts may be run inside of iron pipes 
with an internal diameter a little greater than the diameter of the 
bolt. This allows some play to the bolt and is convenient for the 
final alignment of the machine. Fig. 33 gives an idea of this con- 
struction. The brickwork should consist of hard-burned brick of 
the best quality, and should be laid in cement mortar. It is well 
to fit brick or concrete foundations with a stone cap, forming a 
level surface ou which to set the machinery, though this is not 
necessary. Generators are sometimes mounted on wood bases to 
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furnisli insulation for the frame. Fig. 34 shows the foundation 
for a 150 K.W. jrenerator, while Fig. 85 shows the foundation for 
a rotary conv^erter. 
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For bricK foundation a ISVooting of cor.crete sHowld 
be laid Depth of roundatlon must be governed by the 
character of the soil- Batter l to 6- 

station Arrangement. A few points have already been 
noted in regard to station arrangement, but the importance of the 
subject demands a little further consideration. Station arrange- 
ment depends chiefly upon two 
facts — the location and the nja- 
chinery to l)e installed. Tin- 
doubtedly the best arrangement 
is with all of the machinery on 
one floor with, |)erhaps, the oper- 
ating switchboard mounted on a 
gallery so that the attendants 
may have a clear view of all the 
machines. P'itx. 80 shows the 
simplest arrangement of a plant 
usiiia belted machines. Fiir. 37 
shows an arrangement of units 
where a jack sliafl is used. Direct-current machines should he 
|)laced so that the brushes and commutators art^ easily accessible 
and the switchboard should bt^ place<l so as to not be liable to 
accidents, such as the ]>reaking of a belt or a fly-wheel. 
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When the cost of real estate prohibits the placincr of all of 
the machinery on one floor, the arrangements shown in Fig. 88 
may be used when the machines are belted. It is always desirable 
to have the engines on the main floor, as they cause considerable 
vibration when not mounted 
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Fig. 37. 



on the best of foundations. 
The boilers, w^hile heavy, do 
not cause such vibration and 
they may be placed on the 
second or third floor. Belts 
should not be run vertically, 
as they must be stretched too 
tightly to prevent slipping. 

Fig. 39 shows a large 
station usincr direct -con nee ted 
units, while Fig. 40 shows the arrangement of the turbine plant 
of the Boston Edison Electric Illuminating Company. This sta- 
tion will contain tweli^e such 5,000 K.W. units when completed. 
Note the arrangement of boilers when several units are required 
for a single prime mover. The use of a separate room or building 

for the cables, switches, and 
operating boards is becoming 
quite common for high-tension 
generating plants. The remark- 
able saving in floor space brought 
about by the turbine is readily 
seen froni Fig. 41. The total 
floor space occupied by the new 
Boston station is 2.04 s([uare 
feet per ILW^ This includes 
boilers — of which there are eight, 
each 512 11. P. for each unit — 
turbines, generators, switches, 
and all auxiliary apparatus. 

W^hen transformers are used 

for raising the voltage, they may 

be placed in a separate building, as is the case at Niagara Falls, or 

the transformers may be located in some ])art of the dynamo room, 

preferably in a line j)arallel to the generators. 
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Fig. 42 shows tlie arrangeinent of units in an hydraulic plant. 
Fig. 43 is a gootl example of the practice in substation arrange- 
ment. Here the switchboard is mounteil at one end of the room, 
while the rotary converters and transformers are arran^jed along 



either side of the building. 
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Fig. 38. 



Large cable vaults are 
installed at the stations 
operating on underground 
systems, the separate ducts 
being spread out, and 
sheet-iron partitions erect- 
ed to prevent damage be- 
intr done to cables which 
were not originally de- 
fective, by a short circuit 
in any one feeder. 

Station Records. In 
order to accurately deter- 
mine the cost of gener- 
ating power and to check 
up on uneconomical or 
improper methods of oper- 
ation and lead to their ini- 
provemcMit, accurately 
kept station records are of 
the utmost importance. 
Such records should con- 
sist of switchboard riH!- 
ords, engine-room records, 
])oiler-r()om records, and 
distri])utinir.svstem rec- 
onis. Such records accu- 



rately kept and propt^rly plotted in the form of curves, serve admir- 
ably for the comparison of station operations from day to day and 
for the same periods for different years. It j>ays to keep theSH 
records even when additional clerical force must be employed. 

Switchboard records consist, in alternating stations, of daily 
readings of feeder, recording wattmeters, and total recording watt- 



POWER STATIONS 



71 



meter, together with voltmeter and ammeter readings at intervals 
of about 15 minutes in some cases to check upon the average 
power factor and determine the general form of the load curve. 
For direct-current lighting systems volt and amj)ere readings serve 
to give the true Qutput of the sta- 
tions,and curves are readily plotted 
from these readings. The voltage 
should be recorded for the bus bars 
as well as for the centers of distri- 
bution. 
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Indicator diagrams should be taken from the engines at fre- 
quent intervals for the purpose of determining the o|)eration of 
the valves. Engine-room records include labor, use of waste oil 
and supplies, as well as all repairs made on engines, dynamos and 
auxiliaries. 
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Boiler-rcKHii re*:'on1s indiHlt* labor and repairs, amount of 
coal ustnl, wliieli airioiiiu uiay he kejjt in detail if desinible, amount 
of watrr used, together with steam -gauge reconi and jjenodical 
analysis of tine gases as a check on the iiiethods of firing. 

K<^eord« for the distributing Bys^teui include laljor and ma- 
ttsrlal uaeil for the liues and subiilations. For niultiple-wirtt 
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systems, fre([uent readiiitrs of the current in tho different ft^eders 
will serve as a check on the balance of the load. 

The cost of generating power varies greatly with the rate at 
which it is produced as well as upon local conditions. Station 
operating expenses include cost of fuel, water, waste, oil, etc., cost 
of repairs, labor, and superintendence. Fixed charges include, 
insurance, taxe.i, interest on investment, depreciation, and general 
office expenses. Total exj)enses divided by total kilowatt hours 
i^ives the cost of creneration of a kilowatt hour. The cost of dis- 
tributing a kilowatt hour may be determined in a similar manner. 
The rate of depreciation of apparatus differs greatly with different 
machines, but the following figures may be taken as average values, 
these figures representing })ercentage of first cost to be charged up 
each year : 

Fireproof buildings from 2 to 8 per cent. 

Frame buildings from 5 tc 8 i>er cent. 

Dynamos from 2 to 4 per cent. 

IMme movers from 2}^ to 6 per cent. 

J toilers from 4 to 5 per cent 

Overhead lines, best constructed, 5 to 10 i)er cent. 

More poorly (^)nstruete<i lines 20 to ;>0 j)er cent 

Badly constructefl lines 40 to 00 per cent 

Underground coufhiits 2 per cent. 

Lead covere<l cables 2 per cent. 

Jlethods of Charging for Power. There are four methods 
used for charging consumers for electrical energy, namely, the flat- 
rate or contract system, the meter system, the two- rate meter sys- 
tem, and a system by which each customer ])ay8 a fixed amount 
depending on the maximum demand and in addition pays at a 
ri^asonable rate for the power actually used. In the flat-rate 
system, each customer pays a certain amount a year for service, 
this amount being based on the estimated amount of power to be 
used. These rates vary, de{)ending on the hours of the day during 
which the power is to be used, being greatest if the energy is to 
be used during peak hours. It is an unsatisfactory method for 
lighting service, as many customers are liable to take advantage 
of the company, burning more lights than contracted for and at 
different hours, while the honest customer must pay a higher rate 
than is reasonable in order to nuike the station operation profitable. 
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This method serves much better wlieii the power is used for driving 
motors, and is used largely for this class of service. 

The simj)le meter method of charging serves the purj)ose 
better for licrhtina, but the rate, here is the same no matter what 
hour of the day the current is used. Obviously, since machinery 




Fit:. 43, 
is installed to carry the peak of the load, any power used at this 
time tends to increase the capital outlay from the plant, and users 
should be required to pay more for the power at such times. 

The two-meter rate accomplishes this purpose to a certain 
extent. The meters are arranged so that they record at two rates, 
the higher rate being used during the hours of heavy load. 

There are several methods of carrying out the fourth scheme. 
In the Brighton System, a fixed charge is macle each month, 
depending on the maximum demand for power during the previous 
month, a regular schedule of such charges being made out, based 
on the cost of the plant. An integrating wattmeter is used to 
record the energy consumed, while a so-called " demand meter " 
records the maximum rate of demand. 
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The subject of power transmission is a very broad one ; deal- 
ing with tlie transmission and distribution of electrical energy, as 
generateil by the dynamo or alternating-current generator, to the 
receivers. The receivers may be lamps, motors, electrolytic cells, 
etc. Electric distribution of power is better than other systems 
on account of its superior flexibility, efticiency, and effectiveness ; 
and we find it taking the place of other methods in all but a very 
few applications. For some purposes the problem is compara- 
tively simple, while for other uses, such as supplying a large 
system of incandescent lamps, scattered over a comparatively large 
area, it is quite complicated. As w^ith other branches of electriciil 
engineering, it is only in recent years that any great advances 
have been made in the means employed for transmission of elec- 
trical power, and while this advance has been very rapid, there is 
still a large field for development. 

In a study of this subject the different methods employed 
and their application, the most efficient systems to be installed for 
given service, the preparation of conductors and the calculation 
of their size, together with the proper installation of the same, 
should be considered. 

CONDUCTORS. 

Material Used. Power, in any appreciable amount, is trans- 
mitted, electrically, by the aid of metal wires, cables, tubes, or bars. 
The materials used are iron or steel, copj)er and aluminum. Other 
metals may serve to conduct electricity but they are not applied 
to the general transmission of energy. Of these three, the two 
latter are the most important, iron or steel being used to a consid- 
erable extent only in the construction of telephone and telegraph 
lines, and even here they are rapidly giving way to copper. Steel 
may be used in some special cases, such as extremely long spans 
in overhead construction or for the working conductors for rail- 
way installations using a third rail. Phosphor bronze has a lim- 
ited use on account of its mechanical strength. 
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Copper and aluminum are used in the commercially pure state 
and are selected on account of their conductivity and comparatively 
low cost. The use of aluminum is at present limited to long-dis- 
tance transmission lines or to large bus-bars, and is selected on 
accouat of its being much lighter than copper. It is not used for 
insulated condnctors because of its comparatively large cross-sec- 
tion and consequent increase in amount of insulation necessary. 
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Copper Wire Table. 






Dimensions. 


i 


Resistance. 
Ohms per foot 




, Diameter. 


Area. 






A. W. G. 












or, 
B. & S. 


Inches. 


Circular 
Mils. 


At20OC. 


A150-^C. 


At8(PC. 


0000 


.460 


211,600 .00004898 


.00005467 


.00006058 


000 .400fi 


167,800 


.00006170 


.000068a^ 


.00007640 


00 .8648 


188,100 


.00007780 


.00008692 


.00009633 


1 .8249 


105,500 


.00009811 


.0001096 


.0001215 


1 .2898 


88,690 


.0001237 


.0001882 


.0001582 


2 .2576 


66,870 


.0001560 


.0001748 


.0001982 


8 .2294 


52,680 


.0001967 


.0002198 


.0002485 


4 i .2043 


41,740 


.0002480 


.0002771 


.0008071 


5 ; .1819 


33,100 


.0008128 


.0008495 


.0008878 


6 


.1620 


26,250 


.0003944 


.000440(5 


.000488:^ 


7 


.1448 


20,820 


.0004978 


.0005556 


.0006ir>8 


8 


.1285 


16,510 


.0006271 


.0007007 


.00077(55 


9 


.1144 


18,090 


.0007908 


.0008835 


.0009791 


10 


.1019 


10,380 


.0009972 


.001114 


.001285 


11 .09074 


8,234 


.001257 


.001405 


.001557 


12 


.08081 


6,530 


.001586 


.001771 


.001968 


18 


.07196 


5,178 


.001999 


.002284 


.002476 


14 


.06408 


4,107 


.002521 


.002817 


.008122 


lo 


.05707 


8,257 


.008179 


.003552 


.(M)8986 


16 


.a5082 


2,583 


.004009 


.004479 


.004fM54 


17 


.04526 


2,048 


.OOoOoo 


.005(548 


.(K)(>259 


18 .04080 


1,624 .00(>874 


.007122 


.(H)7892 


Resistance. Tht 


". resistance of electri 


cal coiiduc 


tors is ex- 


pressed by the formul 


a: 










K-. 


'if 







where R = total resistance of the conductors considered. 

L = length of the conductors in the units chosen. 
A = area of the conductors in the units chosen. 
/ = a constant depending on the material use<l and on the 
units selectecl. 
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For cylindricHl conductors, L is usually expressed in feet and 
A in circular mils. By a circular mil is meant the area of a circle 
.001 inches in diameter. A square mil is the area of a square 
whose sides measure .001 inches and is equivalent to 1.27 circular 
mils. Cylindrical conductors are designated by gauge number or 
by their diameter. The Brown & Sharf)e (B. & S.) or American 
wire gauge is used almost universally and the diameters corre- 
sponding to the different gauge numbers are given in Table I. 
Wires above No. 0000. are designated by their diameter or by 
their area in circular mils. 



TABLE II. 
Resistances of Pure Aluminum Wire. 





Kesistaiu-e at 75^ F. 


A. W. G. 






or 






n. & s. 


R 
Ohms 1.000 ft. 


Ohms iMT mile. 


(KNX) 


.08177 


.48172 


(HN) 


.io;no 


.54440 


(X) 


.18001 


.(>8:)45 





.nmr^ 


.8(V)15 


1 


.20672 


l.mU50 


i) 


.20077 


1.87687 


^l 


.32872 


1.7^J57 


4 


.41448 


2.188.-) 





.52268 


2.7597 


6 


.6o9ia 


8.4802 


7 


.8:3110 


4.;J885 


8 


1.06802 


5.5855 


9 


1.82185 


6.9767 


10 


1.66667 


8.80(K) 


11 


2.1012 


11.0947 


12 


2.6497 


18.99(K) 


i:; 


8.8412 


17.642 


14 


4.8180 


22.8(K) 


15 


5.1917 


27.462 


ir, 


6.6985 


85.868 


17 


8.4472 


44. W2 


18 


10.f;518 


5(>.242 



A convenient way of determining the size of a conductor from 
its gauge number is to remember that a number 10 wire has a 
diameter of nearly one-tenth of an inch and the cross-section is 
doubled for every three sizes larger (Nos. 7, 4, etc.) and one-half 
as great for every three sizes smaller (Nos. 13, 1(5, etc.). 1,000 
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feet of number 10 copjx^r wire has a resistance of 1 ohm and 
weighs iilA pounds. 

When y* is expressed in terms of the mil foot, a wire one foot 
in length having a cross-section of one mil, its value for co[)per of 
a purity known as Matthiessen's Standard, or cop[)er of 100% 
conductivity, is 9.580 at 0'" C* P'or aluminum its value is given 
as 15.2 for aluminum 99.5% pure. Table II gives the resistance 
of aluminum wire. 

This shows the conductivity of aluminum to be about 63% of 
that of copper. The conductivity of iron wire is about \ that 
of copper. 

^latthiessen's standard is based on the resistance of cop{)er 
supj)Osed, ])y Matthiessen, to be pure. Since his experiments, im- 
provements in the retining of copper have made it possible to produce 
copperof a conductivity exceeding 100%. Copj)er of a conductivity 
lower than 98% is seldom used for power transmission pur|>oses. 

Temperature Coefficient. The specific resistance (resistance 
per mil foot) is given for copper as 9.580 at if Centigrade. Its 
resistance increases with the temperature according to the approx- 
imate formula: 

11, =Ii,(l .^ af) 
where 11, = Ilesi stance at temperature f\ Centigrade. 

11^^^ ^- ^^ {) V. 

a ^^ .0042, commercial value. 

The value of a for aluminum doei^j not diifer greatly from 
this. It is given by Kempe as .0039. 

Weight. The sj)ecitic gravity of copper is 8.89. The value 
for aluminum is 2.7, showing aluminum to weigh .007 times as 
much as c()p|RM* for the same conductivity or resistpuce. It is this 
property which makes its use desirable in special cases. Iron, as 
used for conductors, has a specific gravity of 7.S. 

Mechanical Strength. Soft-drawn coj)per has a tensile 
strength of 25,000 to 35,000 lbs. per sq. in. Hard-drawn copper 
has a tensile strength of 50,000 to 70,000 lbs. per sq. in., depending 
on tlit^ size; the lower value corresponding to Xos. 0000 and 000. 

"The commercial values ^iven for the mil foot vary from 10.7 
to 11 ohms. 
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AluminuTii has a tensile strength of about 38.000 lbs. fH»r sq. 
in. for hard-drawn wire J inch in diameter. 

Effects of Resistance. The effect of resistance in condnctors 
is three-fold. 

1. There \» a drop in voltage, clelemiined tix)iii Olnn's law, 

2. There is a loss of energy proportional to the resistance and the 

8<juare of the current flowing. Loss in watts — I^R — .^ 

H, There is a lieating of the conductors, due to the energy lost, and 
the amount of heating allowable de|)ends on the material surrounding the 
conductors. The drop in voltage or the heating limit is usually more im- 
portant in the design of a transmission system than the loss of energy. 

Capacity of Conductors for Carrying Current. The teni- 
[xjrature of a conductor will rise until heat is lost at a rate equal 
to the rate it is generated so that a conductor is only capable of 
carrying a certain current with a given allowable teni|)erature rise. 
The limit of this rise in temperature is determine<l by lire risk, or 
injury to insulation. A general rule is that the current density 
should not exceed 1,000 amperes |)er square inch of cross-section 
for copjx*r conductors. This value is too low for small wire and 
too high for heavy conductors, and it is governed by the way in 
which the conductors are installed. This value serves for bus-bars 
where the thickness of the copper used is limited to J-inch. 
Curves shown in Fig. 1 are applicable to switchboard wiring, and 
Table VII of *' Electric Wiring" gives safi^ carrying capacity of 
conductors for inside wiring. Perrine gives the following table 
showing the class of conductors to be used under various conditions: 







TABLE III. 




Conductors for Various 






PART 1. 


Refereuct^ 

No. Kemarks. 

1. Not alio we<l. 


RffereiK-t' 
Xo. 
8. 


;5. 

4. 
5. 
6. 
7. 


C'lear spacen. 
Through trees. 
On glass insulators. 
On porcelain knohn. 
In porcelain cleatH. 
In wood cleats. 


9. 
10. 
11. 
12. 
13. . 



JSciiiiirks. 

Ill inKuiuting tul>eH. 
Inwooil moldingH. 
Without further precaution. 
If necessary. 
Helow 350 volts. 
Above 350 volts. 
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Insulation, in the form of a coveriiicr, is required for elee- 
trical conductors in all cases with tJie exception of 8witchlx>ard bus- 
bars and connections and wires used on pole lines, and even these 
are often insulated. It may serve merely to keep the wires from 
makincjr contact, as is the case with cotton or silk-covered wire. 
Again, the wire may be covered with a uiaterial having a high 
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specific resistance but being weak mechanically, and this combined 
with a material serving to give the necessary strength to the insu- 
lation. For this purpose yarns are used as the mechanical sup- 
j)ort, and waxes and asphaltum serve for the insulation proj)er. 
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FiR- 1. 

Annunciator wire is covered with heavy cotton yarn saturated with 
j)arattine. The so-called Underwriter's wire is insulated with cot- 
ton braid saturated with white paint. Asphaltum or mineral wax 
is used for insulating Weatherproof wire. It may be applied in 
several wav5=^, the best insulation beinix made by coverinir the con- 
ductor with a single braiding laid over a8j)haltum and then passing 
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the covered wire through the liquid insulation, at the same time 
applying two cotton braids, and finishing by an external application 
of asphaltuHi and polishing. The most complete insulation is made 
up of a material which gives the most perfect insulation and which 
is strong enough, mechanically, to withstand pressure and abrasion 
without additional supj)ort. 
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Fig. 1. 

(iutta Percha and India Rubber, (nitta j>ercha is used for 
submarine cables, but rubl)er is the insulating material most used 
for electrical conductors, (iutta perelui cannot be used when ex- 
posed to air, as it deteriorates rapidly under such conditions. 
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Rubber, when used, is vulcanized, and great care is nt^cessary iii 
the process. This vulcanized rubber is usually covertH.1 with braid 
having a polished asphaltum surface. The insulation of high-tension 
cables will be considered in the topic, *' Underground Construction." 

DISTRIBUTION SYSTEMS. 

Distribution systems maybe divided into j*r/vV.v systems, yx//*- 
ullcl systems, or -combinations, such as Sfj/'ics-jtarftf/cf or jffftv If rf- 
ifen'es systems. Various translating devices may be connecteil in 
circuit, changing from one system to the other, and the pirallel 
system may Ix^ divided into .v///<//</ and imiltiplr'alrctift systems 
commonly known as fVHf-w'w^ and three -^ or Jive-irhe systems. 

Series Systems are applied to series arc lighting, series incan- 
descent lighting, and to constant-current motors driving machin- 
erj', or generators fetnling secondary circuits. They serve for both 
alternating and direct currents. Fig. 2 shows the arrangement of 
units in this system. The current, 
generated by the dynamo D, passes 
from the positive brush zV (in direct- 
current systems) through the units 
L in series to the negative brush B. p. « 

For lighting purposes, this current 

has a constant value and s[)ecial machines are used for its gener- 
ation. The voltage at the generator depends on the voltage required 
by the units and the number of units connected in service. As an 
example, the voltage allowed for a direct-current oj)en-arc lamp 
and its connections may be taken as 50 volts.* If 40 lamj)S are 
l)urning, the potential generated will be 50 X J:0 = 2,000 volts. 
The number of units is sometimes great enough to raise this j)oten- 
tial to 0,000 volts; but by a special arrangement of the Brush arc 
machine, known as the multiple-circuit arc machine, the |)otential 
id so distributed that its niaximum value on the line is but 2,000 
volts, })rovided the lamps are equally distributed, while tin? total 
electromotive force g(»nenite<l is (5,000 volts, when the machine is 
fully loaded. 

The machine is sup[)lied with three commutators and the 
lamps connected as shown in Fig. ii, wliich also shows the distri- 
bution of |K>tential. 
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All calculations for series systems are simple. The drop in 

E 

voltage is obtained from Ohm's law, I = ^ . A wire smaller than 

No. 8 should never be used for line construction, as it would not 
be strong enough mechanically, even though the drop in voltage 
with its use should be well within the limit. 

The current taken by arc lamps seldom exceeds 10 amj)eres. 
For series incandescent lighting, the current may be lower than 
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Fig. 3. 

this, having a value from 2 to 4 am[)eres. Sf)ecial devices are used 
to prevent the breaking of a single filament from putting out all of 
the lights in the system and automatic short-circuiting devices are 
used with series arc lamps for accomplishing the same purj)ose. 
As an example of the calculation of series circuits, required 
the drop in voltage and loss of energy 
in a line four miles long and composed 
of No. 8 wire, when the current flowing 
in the line is 1).0 amperes. From Table 

1 we have a resistance of .0007007 ohm 

rri\ t ^ ^^^r^ — ^ r-4 T)«r foot for No. 8 wire at 50" 0. This 

y^ I pn gives a resistance of 6.1 ohms per mile, 

or a resistance of 14.8 ohms for the cir- 
cuit. The drop in voltage from Ohm's 
law equals current times resistance or 
ecjuals \).i) X 14.8 = 142 volts. Tlu^ 
loss in energy eijuals the 8(juare of the current times the resistance, 
equals iKi)^ X 14.8 = 1,3()4 watts. If the circuit contains 80 lamps, 
each taking 50 volts, the total voltage of the system is 4,142 volts, 

142 
and the percentage drop in pressure is ^|To ~ •^•-i'^'}^ • 
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Parallel Systems of Distribution. In the parallel or *- mul- 
tiple-arc" system of distribution, the lamps or motors are supplied 
with a constant potential, and the current supplied l)y the generators 
is the sum of the currents taken by each translating device. There 
are several metluxls of distribution applicable to this system, each 
one having some characteristic which makes its use desirable for 
certain installations. The usual arrangement is to run conductors 
known as ** feeders" out from the station, and connected to these 
feeders are other conductors known as mains, to which, in turn, 
the receivers or translating devices are connected. Fig. 4 is a 
diagram of such a ^-feeiler and main" system. 

The feeders may be connected at the same ends of the mains, 
known as parallel feeding; or they may be connected at the opposite 
ends of the main, giving us the anti-parallel system of feeding. 
The mains may be of uniform cross-section throughout, or they 
may change in size so as to keep the current density aj)proximately 
constant. The above conditio^is give rise to four possible combi- 
nations, namely : 

I. Cylindrical conductors, parallel feeding. Fig. 5. 

II. Tapering conductors, parallel feeding. Fig. (>. 

III. Cylindrical conductors, anti-parallel feeding. Fig. 7. 

IV, Tapering conductors, anti-parallel feeding. Fig. 8. 

The regulation of the voltage of a system is of particular im- 
portance w^hen incandescent lanlps are supplied; and the calcula- 
tion of the drop in voltage to lamps connected to mains supplied 
with a constant jx>tential should be considered. Without going into 
detail as to the methods of derivation, we have the following for- 
muhe which apply to the above combinations when the receivers are 
uniformly distributed and each taking the same amount of current. 
Cylindrical conductors, parallel feeding, 

Ta[)ering conductors, j)arallel feeding, 

D-=2KLa'. II 

Cvlindrical conductors, anti -parallel feeding, 

,^ TIL'' , . , , ^ 

D=--y-(L-.r) III 

Ta})ering conductors, anti-parallel feeding, 

D = 0. IV 
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at the lam 

Q y ^ ^ ^ ^ ^ ^ '^"^ ''^ ^'^^ 

For ('as 



where J) — difference between potentials applied to different lamps. 

R — resistance of conductors per unit lengtli at feeding 

])oint. This will be a constant quantity for cylindrical conductors, 

but will change for ta|)ering conductors, having its minimum value 

at the feeding point, and its maximum value at the end of the main. 

I = current in main at feeding point, or point at which the 

feeders are connected to the mains. In Figs. 5, 0, 7, and 8 the 

mains only are shown in detail. 

iV = distanct^ from feeding point to the ])articular lamps at 

which the voltage is being considered. 

L — length of main. 

For Cases 1 and II the maximum difference of potential is 

found where n" = L, that is, 

at the lamps located at the 

mains. 

-ise III the maxi- 

Fis. 5. 

mum difference of potential 

Q (^(|) C|)C|)(|) (^ is found where x =-^ , or 

Fig. fi. at the lamp located at the 

■ ■ ■ ■ ■ ■ ■ middle point of the mains. 
( ) 9 9 99 9 9 For Case I'V the potential 

1 on all of the lamps is tlu* 
Fi^- 7. same, but the difference be- 

/ ^ A A A A A A A tw-een the voltage on the 

sJ 9 V r 9 V V V feeders and the voltage on 

" ' the lamps is equal to EI L. 

^^* ' For unequal distribution of 

receivers and special feeding 
points the dro]) in voltage can be calculated by the aid of Ohm's 
law, but this calculation becomes quite complicated for extensive 
systems. It usually is sufficient to keep the maxtmnin drop within 
the desired limits when designing electrical conductors for lighting, 
being careful not to exceed the safe carrying capacity of the wires. 
Tlie drop in voltage on the feeders may be calculated directly 
from Ohm's law when direct current is used, knowing the cur- 
rent flowing and the dimensions of the conductors used. 
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Additional formulae are ^iven in '" Electric Wiriiiir," whicn 
will aid in determining the size of wire to be used for a frjven 
installation. 

As examples of calculation we have the following: 
System consists of 20 lamps, each taking .5 amj)eres. L = 80 
feet. R = .01 ohm per foot at feeding point. Find the maximum 
difference of potential on the lamps in each of the first three cases. 

T =^ 20 X .5 r^ 10 amperes. 

Case I. 1) = -jr X (1<>0 - SO) = 8 volts. 

C^ase II. 1) = 2 X .01 X 10 X 80 := IH volts. 

80 
.01 X 10 X — . ^... 

Case III. I) .= ^^y- '^- x(80 ~)^ 2 volts. 

In Case IV the difference in potential applied to the lamps and 
the potential of the feeders would be .01 X 10 X 80 = 8 volts. 

Again, with the maximum allowable drop given, the resist- 
ance of the wires at the feeding point may be determined. For 
tapering conductors, the current density is kept approximately con- 
stant by using wire of a smaller diameter as the current decreases. 
Thus supposing, as in the case considered, that the resistance at 
the feeding point was .01 olim per foot. At a distance of 40 feet 
from the feediug point the current would be only i of 10 or 5 
amperes and the size of the wire would be one-half as great, giving 
it a resistance at this point of .02 ohm per foot. 

Feeding Point* In order to determine the point at which a 
system of mains should preferably be fed, that is, the point where 
the feeders are attached to the mains, it is necessary to find the 
electrical center of gravity of the system. Tlie method employed 
is similar to that used in determining the best location of a power 
plant as regards amount of copper required, and consists of sepa- 
rately obtaining the center of gravity of straight sections and then 
determining the total resultant and point of application of this 
resultant of the straight sections to locate the best point for feed 
ing. Actual conditions are often such that the system cannot l>e 
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fed at a point so determined, but it is well to run the feeders as 
close to this point as is practical, as less copper is then required 
for a given drop in potential. 

(.'onsider, as an example, a system such as is shown in Fig. 1>. 
The numljer of lamps and location of the same are shown in this 
figure. The loads, A 11 C D, may be considered as concentrated 
at A', a point 33.8 h^t from I and equal to A + B + C + I). 
This point is o])tained as follows: 

A.^. = B//. 10 // = 20 .r. x + y = 400. ...... 

A-l-B = 30. .=: 133.3 feet. 

CV = Dy'. 15,7'' = 20//'. u.'' + y' = 500. ,r' = 285.7 feet. 

b + D = 35. 

30./' =35/'. •" =340.0 feet 

A + B + C H- 1) = 05 

A' is 0.;^ feet from C or 33.8 feet from I. 

E and F may be combined to form a group of 30 lamps and 
the resultant of E, F, G, and H is 70 lamps located at B', a ]K)int 
310 feet from J, this point being located in the same manner us 
A'. Similarly we find the resultant of the loads at A' and B' to 
be 135 lamps located at C, a point 331.1 feet from I, and th(» 
proper feeding point for the system. 

A' = 05 lights, 33.8 feet from I. 

B' = 70 lights, 310 feet from J. 

Distance IJ = 360 feet. 

Distance from A' to B' -- 3()0 |- 310 | 33.S :- 703.S feet. 

()0,r = 70y. 

ir + 7/ = 703.8 feet. 

,r ^- 304.0 feet. 

364.9 - 33.8 = 331.1 feet. 

The above is a simple definite case. Should the load he 
variable, the j)rojx»r feeding point will change with the load, and, 
in extensive systems, the location of this point can be obtained 
approximately only. The same method of calculation is employed 
in locating the points from which sub-feeders are run out from 
tlie terminals of the main feeders as is the case in large systems, 
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the voltage being iiiaiiitaiiied constant at the point where the sub- 
feeders are connected to tlw feeders. 

Good practice shows the drop in potential to be within the 
following limits: 

From feeding pwintH i points wliere sul>-fee<lers 

or mains are attached) to lamps o per cent. 

Loss in sul>-fee<lers ',\ " 

Loss in mains Lo " 

IjOss in service wires O.o '* 

The actual variation in voltage should not excee<l i^/. 
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Fig. 9. 

In Series-Multiple and Multiple-Series Systems, groups of 
units, connected in multiple, are arranged in series in the circuit, or 
groups of units are connected in series and those, in turn, con- 
nected in multiple, respectively. The application of such systems 
is limited. They are used to some extent in street-lighting when 
incandescent lamps are used. 
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MULTIPLE-WIRE SYSTEMS. 

The Three-Wire System. We have seen that in any system 
of conductors the power lost is equal to PR. For a given amount 
of power transmitted (IE) the current varies inversely with the 
voltage and co.nsequently the amount of power lost, which is 
directly proportional to the s(juare of the current, is inversely pro- 
portional to the square of the voltage. Hence, for the same loss 
of power and the same ])ercentage drop in voltage, doubling the 
voltage of the system would allow the resistance of the conductors 
to be made four times as great, and wire of one-fourth the cross- 
section or one-fourth the 
• amount of copper would be 
required. The voltage for 
which incandescent lamps, 
Y'lft, 10. having a reasonable efficiency, 

can be economically manu- 
factured is limited to 220, while the majority of them are made 
for 110. In order to increase the voltage on the system, a special 
connection of such lamps is necessary. The three-wire and five- 
wire systems are adopted for the purpose of increasing this voltage. 
Fig. 10 shows a diagram of a three-wire system. Consider the 
conductor B removed, and we have a series- multiple system with 
two lamps in series. This arrangement does not give independent 
control of individual lamps, and the third wire is introduced to 
take care of any unbalancing 
of the number of lamps or 
units connected on either side 
of the system, and to allow 
more freedom in the location 
of the lights. The current Fig. 11. 

flowing in the conductor B, 

known as the neutral conductor, depends on the difference of the 
currents recjuired by the units on the two sides of the system. 
Fig. 11 shows a system in which the loads on the two sides are 
unequal, an unbalanced system, with the value of the current in 
the neutral wire at different points. Each unit is here assumed 
to take one ampere. 
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As stated Jihove, were no neutnil wire re(|uire(l, tlie amount 
of copper necessary for a system witli the lamps connected, two in 
series, for the same ])ercentao;e drop in voltao;e would bo one-f(nirth 
the amount necessary for the parallel connection. This may he 
sliown as follows: Tlu» current in the wire in the iirst case is one- 
half as great, so that the voltacre drop would be divided by two for 
the same size wire. 



ThevoltaiT^e on the sys- 
tem is twice as great, 
so that, with the same 
prriuntiuje regulation, 
the actual voltage drop 
would be doubled. 
Consequently wire of 
one -fourth the cross- 
section and weight may 
be used. If the neutral 
wire is made one-half 
the size of the outside 
conductor, as is usually 
the case in feeders, the 
amount of copper re- 
quired is -^^ of that 
necessary for the two- 
wire system. For 
mains it is customary 
to make all three con- 
ductors the same size, 
increasing the amount 
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Fijr. 12. 




of cop|)er to {| of that required for a two-wire system. For a five- 
wire system with all conductors the same size, the weight of copper 
necc^ssary is .150 times that for a two- wire system. 

Multij)le-wire systems have no advantage other than saving 
of cop|)er, except when used for multiple- voltage systems, while 
among their disadvantages may be mentioned: 

(.Complication of generating apparatus. 

Coniplieatiou of instruments and wiring. 

Liability to variation iu voltage, due to unbalancing of load. 
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Fig. 12 shows some of the methods employed in generating 
current for a three- wire system. 

A. Two dynamos connected in series^ the usual method 

B. A double dynamo. 

C. Bridge arrangement, using a resistance R with the neutral con- 
nection arranged so as to change the value of resistance in either side of 
the system. Has the disadvantage of continuous loss of energy in R. 

I). Storage battery connected across the line with neutral connected 
at middle point. 

E. Special dynamo supplied with three brushes. 

F. Special machine having collector rings, across which is con- 
nected an impedance coil, the neutral wire being connected to the middle 
point of this coil. 

G. Compensators or motor-generator set used in connection with 
generator. The motor-generator set is known as a balancer set. 

Comj)ensators are usually wound for about 10% of the capac- 
ity of the machine with which they are used. In the motor-gen- 
erator set, one side becomes a motor or generator depending on 
whether the load on that side is less or greater than the load on 
the opposite side. 

Voltage Regulation of Parallel Systems. It is customary to 
keep the voltage on the mains constant, or as nearly so as possible, 
at the point where the feeders are attached. Where but one set 
of feeders is run out from the station, this may be readily accom- 
plished by the use of over-compounded dynamos, adjusted to give 
an increase of voltage equal to the drop in the feeders at different 
loads. Again, the field of a shunt-wound generator may be con- 
trolled by hand, the j)res8ure at the feeding points being indicated 
by a voltmeter connected to pilot wires running from the feeding 
point back to the station. 

When the system is more extensive, separate regulation of 
different feeders is necessary. A variable resistance may be placed 
in series with separate feeders, but this is undesirable on account 
of a constant loss of energy. Feeders may be connected in along 
a system of mains and one or more of these switched in or out of 
service as the load changes. Bus-bars giving different voltages 
may be aranged so that the feeders can be changed to a higher 
voltage bar as the load increases. Boosters — series dynamos — may 
be connected in series with separate feeders and these may be ar- 
ranged to regulate the voltage automatically. The use of boosters is 
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not to be recoin mended except for a few very long feeders, and then 
the total capacity of boosters should equal but a small percentage 
of the station output if the efficiency of the system as a whole is 
to remain high. Fig. 13 is a diagram of a system using different 
methods of voltage regulation. 

Alternating-Current Systems of Distribution may be classi- 
fied in a manner similar to direct-current systems, that is, as series 
and parallel systems; but in addition to these we have a classifica- 
tion depending on the numl)er of phases used, such as shigle-pliase^ 
quarter ' or tiro-jfhase and three-phase systems. 

The Series System may consist of a simple series circuit fed 
by a constant-current generator, or it may be fed by a constant- 




Fig. 13. 

current transformer, the ])rimary of which is supplied with a con- 
stant potential, the secondary furnishing a constant current. For 
a description of such a transformer, see "Electric Lighting". 
Again, the current may be maintained constant by means of a con- 
stant-current regulator, such as is described in ''Electric Light- 
ing". Constant-current alternators are seldom used, the two latter 
forms of rcgnlation InMiig applied to most series installations. The 
principal application of series alternating-current systems is to 
street-lighting. Parallel -series alternating-current systems are 
sometimes used for street-lighting with incandescent lamps. 

Parallel Systems, using alternating current are also analo- 
gous to parallel systems using direct current, though the receivers, 
especially if ljim[)s, are seldom connected directly to the leads com- 
ing from the station, but are fed from tlie secondaries of constant- 
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potential transforniers, which are connected to the lines in parallel, 
and step down the voltage. The readiness with which the voltage 
of such systems may be changed by means of suitable transformers 
is the chief advantage of the single-phase systems. The voltage 
may be generated at, or transformed up to, a high value at the 
station, transmitted over a considerable distance over small con- 
ductors with a small loss of energy, and then transformed to the 
desired value for the connected units. Transformers may l)e readily 
constructed to furnish voltage for a three-wire secondary distribu- 
tion. Fig. 11 is a diagram of a single-phase system supplying 
power to both two- wire and three- wire systems. Two separate 
transformers are used for obtaining the three-wire system, in one 
case, and a transformer, supplied with a taj) connected to the mid- 
dle j)oint of the secondary, is used in the other case. 

The regulation of voltage for alternating-current systems may 
be accomplished, as in direct-current installations, by means of 
compounding (*• composite-wound alternators"), hand regulation, 
or resistance or reactance connected in series witli the feeders. In 
addition, the feeders may be controlled by means of s{)ecial regu- 
lators such as the Stillwell Regulator, or the "- C R" Regulator, 
which consist of transformers with the primary coil connected 
across the line and the secondary in series with tue line, and so 
arranged that the number of turns in one or both windings may 
be varied; other forms of retjulators are the macrnetic remilator 
and the induction regulator. 

Polyphase Systems. J^olyphase systems of distribution are 
used where motors are to be run from the circuits; also for long- 
distance transmission lines partly on account of the saving in cop- 
per. J^olyphase generators may be constructed more cheaply, for 
a given output, than single-[)hase machines because of a lietter 
utilization of the winding space on the armature; while single- 
phase motors, except in small sizes, or series motors as applied to 
railway work, are not entirely satisfactory. Two-phase and three- 
])hase systems are the only ones that are in common use for power 
transmission, three phases being used for long-distance transmis- 
sion lines. Six ])hases are used for rotary converters only, the 
capacity of the macliines lu'ing greatly iiu-reased when connected 
six- phase. 
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The amount of copper required for tlie different systems, 
assuming the weight of 8oppt»r for a single ])hase two-wire system 
to be 100%, is as follows: 

Single-phase two-wire systeiUB 100 per cent 

** ** tliree-wire ** (Neutral wire same 

size as outside wires) r,7.5 " 

Two-phase four-wire syMteni 100 " 

** ** tliree-wire '' 72.9 '' 

Three-phase three-wire system 7o " 

** " four-wire '* ;r>.:J *' 

This assumes the voltage on the receivers to be the same in 
every case, the maximum voltage having different values, depend- 
ing on the system used. The three- 
phase three- wire system is preferable if 

to the two-phase three- wire system 
for most purposes. In the three- 
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Fig. 15. 



phase four-wire system the maximum voltage is 1 3 times the 
voltage on the receivers. Were the same nuiximum voltage allow- 
able as in the three-phase three- wire system, the amount of copjK^r 
for the three-phase four-wire system would be j that recjuired for 
the three-phase three-wire system. Fig. 15 shows, diagrammatic- 
ally, the connections of the different systems. 

As an example of the way in which the relative amounts of 
copper are calculated, take the three-phase three-wire system. 
Assume the amount of power transmitted to be P and the percent- 
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age loss of energy to he jk Let E = tlie voltage on the receiver, 
I ^^ the current flowing in a single condi^or, single-phase system, 
and r -■- current in a single conductor, three-phase system. ^^Ve 
have for the single-phase two- wire system, 

P =- IE, 

for the three-phase three-wire system, 

P = 1 SPE 
. IE:- I j^PE 
I 

The loss in energy in the two-wire system --- j) V 2 I-'U, 
when U ^^ resistance of one conductor. The loss in energy in the 
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three-phase system -- y/ P - H P-K'. 

Substitutintr for P, we have 

"" 1 H 

2 PR : : '^l^^"or:iIt = R'. 

The amount of copper is inv(Msely ])ro])ortional to the resist- 
ance of the conductor, so that if W : weight of one conductor for 
sincrle-nliHse system and W — - weiMit of one conductor for tliree 
phase system, W -- 2 W. 

Two conductors are recjuired in tlie iirst case --- 2 AV. 

Three conductors are recpiired in the second case =^ H W, 

H ^^' . -- :! AV. 

2 W . 2 AV. 

J^ AV i! AV .^ ^. , 

2 ^\ 2 W A ' V' • 

TRANSniSSlON LINES. 

Copacity. (onductors used for the transmission of power 
form, with their metallic shields, with the gr()un<l. or with neigh - 
l»oring conductors, condensers, which, when the line is long, have 
an appreciable capacity. The capacity of circuits is (juite readily 
calculated, the following formula J4)[)lying to individual cases. 
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TABLE IV. 
Capacity in nicro-Farads Per Mile of Circuit for Three-Phase 

System. 



Sizo 
H. & S. 



(MNH) 



(NM) 



(K) I 



in 
iiuh. 


IJlSlJlUCf 

A 

in ini-hfs. 


in M. F. 


Sizt- 
H. & S 


.415 


V2 


.()22« 


4 




18 


.02(M 






24 


.01922 






48 


.01474 




.41 


V2 


.0218 


5 




18 


.01992 






24 


.0187« 






48 


.016.^58 




..MJo 


12 


.0124 


« 




18 


.OIJMO 






24 


.018:52 






48 


.OKKM 




.82.") 


12 


.02078 


7 




18 


.018f)8 






24 


.01642 






48 


.01570 




/2H\) 


12 


.02022 


8 




18 


.01952 






24 


.01748 






48 


.0154 




.lioS 


12 


.01972 


9 




18 


.01818 






24 


.01710 






48 


.01510 




• lilM) 


12 


.01988 


10 




18 


.0170(5 






24 


.01072 






48 


.01480 





Diani. Distance ! Capacity 

in A I C 

inch. In inches, in M. F. 



204 



.182 



.102 



.144 



.128 



114 



.102 



12 


.01874 


18 


.01726 


24 


.OKiHO 


48 


.01452 


12 


.018;50 


18 


.016JM) 


24 


.01602 


48 


.01426 


12 


.01788 


18 


.01()54 


24 


.01560 


48 


.0140 


12 


.01746 


18 


.01618 


24 


.01588 


48 


.01874 


12 


.01708 


18 


.015W5 


24 


.01508 


48 


.01850 


12 


.01(560 


18 


.01552 


24 


.01478 


48 


.01826 


12 


.016:56 


18 


.01522 


24 


.01452 


48 


.01804 



(' ^ 



c 



3.S.S:-3 k 10 - ' ^^^.|^ Insulatetl eul.le willi U-ikI sheath. 

km 



;{s.si{ y 10-' 



iK*r mile. SiiiijrlecoiHlih'tor with earth return. 



11U2 / 10 



., _ iJ.4^/ lyf fH»r mile of circuit. Parallel eoiidiictcjrs forming 

^' 2 A ** metallic circuit. 



lo<r'^ 
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C = Capacity in niicro-farads. (Divide by 1,000,000 to give 
capacity in farads.) 

h — 8[>ecitic inductive capacity of insulating material = 1 for 

air = 2.25 to 3.7 for rubber. 
I.) = inside diameter of lead sheath. 
ij — diameter of conductor. 
// — distance of conductors above ground. 
A = distance between wires. 

Common logarithms apply to these formuUe and C for a 
metallic circuit is the capacity between wires. 

TABLE V. 
Inductance Per Mile of Three-Phase Circuit. 



Sizf Diaiiu'ter IMstsiiuf 
U. &S.' in inch. '</iniiu-h»'s. 



Self-iudufl- 
aiice I^ 
henry s. 



(XKK) 



(KM) 



(K) 



.4(5 



.41 



.;{().) 



.;)25 



.liSi) 



i-VS 



2*JJ) 



ll> 

18 
24 

48 

ll> 
18 
1»4 

48 

VI 
18 
124 

48 

12 
18 
24 
48 

12 
18 
24 
48 

12 
18 
24 

48 

12 

18 
24 
48 



.00284 
.00256 
.00270 
.00812 

.00241 
.(K)262 
.(K)277 
.00818 

.00248 
.00269 
.00285 
.00880 

.00254 
.00276 
.00298 
.00^381 

.00260 
.00281 
.00308 
.00888 

.002(i7 
.(K)288 
.00:^04 
.001^4 

.00274 
.00294 
.fKX310 
.00851 



I • I I 

Sizo Diameter I Distance 

B. & S. I in inch, 'd in inches. 



SelMuduet- 
ance L 
henry s. 



4 ; .204 



.182 



6 ; .16: 



.144 



.128 



.114 



10 I .102 

I 



12 


.00280 


18 


.00300 


24 


.00315 


48 


.00358 


12 


.00286 


18 


.00807 


24 


.0032:^ 


48 


.00356 


12 


.00291 


18 


.oasia 


24 


.00329 


48 


.00369 


12 


.00298 


18 


.00310 


24 


.00336 


48 


.00377 


12 


.00303 


18 


.00325 


24 


.00341 


48 


.00384 


12 


.oasio 


18 


.00332 


24 


.00348 


48 


.00389 


12 


.00318 


18 


.00340 


24 


.00355 


48 


.00396 
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If the capacity be taken between one wire and the neutral pohit 
of a system, or the |)oint of zero potential, the ca|)acity is given as: 

C (in iniero-farads) — ^^-- [)er mile of rlrcuit, 

2 log- 

Table IV gives the cajmcity, to the neutral j)oint, of different 
size w^ire used for three-phase transmission lines. 

The effect of this capacity is to cause a charging current, 90 
in advance of the impressed pressure, to flow in the circuit, and 
the regulation of the system is affected by this charging current as 
will be seen later. Capacity may be reduced by increasing the 
distance between conductors or in lead-sheathed cables, by using 
an insulating material having a low specific inductive cajmcity, 
such as j)aper. 

Inductance. The self-inductance of lines is very readily cal- 
culated. Following is a formula applicable to copper or alumi- 
num conductors: 

L = .000558 r2.;i03 log i^^ + -^l per mile of rlreult when 

L = inductance of a loop of a three phase circuit in henrys. The 
inductance of a complete circuit, single ])hase, is e(jual to the 
above value multiplied l)y 2 -:- i 3. 

Self-inductance is reduced by decreasing the distance betwetui 
wires and it di8apj>ears entirely in concentric conductors. Sub- 
dividing the conductors decreases the drop in voltage due to self- 
inductance but it complicates the wiring. Circuits formed of 
conductors twisted together have very little inductance. When 
alternating-current wires are run in iron pij)es, both wires of the 
circuit must be run in the same pipe, inasmuch as the self-induc- 
tance de})ends on the number of magnetic lines of force passing 
between the conductors or threading the circuit, and this number 
will be increased when iron is present between the conductors. 

The effect of self- inductance in a circuit is to cause the current 
to lag behind the impressed voltage aiul it also increases the impe- 
dance of the circuit. 

Hie effect of self-inductance may be neutralized by capacity 
or vlcc-verm. The relative value of the two must be as follows: 
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•d 



•C 



C = /ott/' JT when Gaud L are in farads and benrys respectively, 

and/' is the freijnency of the system. 

Mutual-Inductance. I3y mutual-inductance is meant the in- 
ductive effect one circuit has on another sep-. 
a rate circuit, f^enerally a j)arallel circuit in 
power transmission. An alternating current 
flowing in one circuit sets up an electromotive 
force in a j)arallel circuit which is opposite in 
direction to the E.M.F. impressed on the first 
circuit, and is proportional to the number of 
the lines of force set up by the first circuit 
which thread the second circuit. 
Tlie effects of mutual inductance may be reduced by increas- 
ing the distance between the circuits, the distance Iwtween wires 
of a circuit remaining the same. This is impractical beyond a 



Fig. If). 



upper cross cirm 

DC 




l*V 17. 



certain extent, if the circuits are to be nin on the same pole line, 
so tliat a s[>ecial arrangement of the conductors is nwessary. 

Figs. 1() and 17 show such special arrangements. In Fig. 1() 
AB forms the wires of one circuit and (JU the wires of the other 
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circuit. Lines of force set uj) by the circuit AB do not thread the 
circuit CD, provided A B and D are arranged at the corners of 
a square so that there is no effec^t on the circuit CD. In Fig. 17 
assume an E.M.F. to be set up in the portion of tlie circuit CD in 
the direction of the arrows. The E.M.F. in the section DE will 
then be in the direction of the arrow^s shown and the effects on the 
circuit AB will ])e neutralized, j)rovided the transposition, as the 
crossing of the conductors is called, is made at the middle of 
the line. Such transpositions are made at frecjuent intervals on 
transmission lines to do away with the effects of mutual inductance 
which, at times, might be considerable. When several circuits 
are run on the same pole line, these transpositions must be made 
in such a manner that each circuit is transposed in its relation to 
the other circuits. Thus in Fig. 17 is also shown the transposi- 
tion of the circuits of a line composed of ten two- wire circuits. 

CALCULATION OF ALTERNATING-CURRENT LINES. 

In dealing with alternating currents, Ohm's law can be applied 
only when all of the effects of inductance and capacity have been 
eliminated, and, since this can seldom be accomplished, a new for- 
mula must be used w^hich takes such capacity and inductance 
effects into account. Not only the inductance or capacity of the 
line itself must be considered, but the nature of the receiver must 
be taken into account as well, when the regulation of the system 
as a w^hole is being considered. Tlie following quantities must l)e 
known in the complete solution of problems relating to alternating- 
current systems. 

1. Fre(iueucy of the current used. 

2. Self-induction and capacity of tlie receivers. 
8. Self-induction and capacity of the lines. 

4. Voltage of, and current flowing in, the lines. 

5. Resistance of the various i)arta. 

Following is a set of formulae and an appropriate table for cal- 
culating transmission lines proper w^hen using direct or alternating 
current and for frequencies varying from 25 to 125, and for single 
and polyphase currents. This table is issued by the General Elec- 
tric Company. 
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GENERAL WIRING FORMULA. 

D X AV X C* 
Area of coiuluctor, Circular Mils - - — --v^, — 

p X Ji." 

If W X T 

( iirrent in mam conductors — -- 

t 

AV == Total watts ihllvereJ. 

1) -.-- Distance of transmission (one way) in feet. 

jt ■■ - Loss in line in per cent of Y)i)\yeY (h^l Iveretl ^ that is, of AV. 

E = Voltatre between main conductors at rereivin/f or nm- 
stiiner'^8 end of circuit. 

For continuous current C = :i,l(>(), T = 1, B ^ 1, and 
A = ().04. 

\ olts loss in lines --_'.. _ 

T, 1)-' X W X ( ' X A 

lihs. coDper = - -^^^ 

'^ 7> X K- X 1.000,000 

The following formula will also be found convenient for ciil- 
culating the copper required for long-distance three-phase trans- 
mission circuits: 

,, ,, M-X K.W. X 300,000,000 

J J)s. ( opper ^^ - — , 

. * * j> X K- 

M is the distance of transmission in miles, K.W. the power 
delivered in kilowatts, and the j)ower factor is assumed to be 
approximately 05 7^. 

APPLICATION OF FORMUL/E. 

" The value of C" for any particular power factor is obtained by 
dividing 2,100, the value for continuous current, by the square of 
that power factor for single-])hase, by twice the stjuare of that 
power factor for three-wire three-phase, or four-wire two-phase. 
The value of li depends on the size of wire, frequency, and 
power factor. It is ecpial to 1 for continuous current, and for 
alternating current with 100 j)er cent power factor and sizes of wire 
given in the following table of wiring constants. 

''The figures given are for wires 18 inches apart, and are suffi- 
ciently accurate for all practical purposes provided the displacement 
in pVase between current and E.M.F. at the receiving end is not 
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System. 



Single-phase 

Two-phase (four-wire) 

Thre-phase (tliree-wire) . . . 



TABLE VI. 



c»f A. I 



Viilues of (■'. 

IVr C'ont PowtT Fi 

i»5 



fi.()4 2,1(>0 

V2.m I 1,()80 

9. (Hi I 1,(W0 



w 



2,4(K) I %im) 
1,1>(H) : 1,:^50 
l.lNK) I l,.™ 



I 



a,(KK) 
l,oOO 
l,o(K) 



;?,H8() 
1,6JK) 



System. 



Single-phase 1 .00 

Two-phase (four-wire) 50 

Tliree-phase (three-wire) o8 



Valiit's of T. 



P«T Cent Ti)wer Fiu'tor, 



i.a") 



1.11 

.r,o ! 
.(i4 ' 



1.17 



80 



1.2^) 
.72 



£? 






(XXX) 
000 

00 


1 

2 

3 
4 



7 
• 8 

9 
10 



VATXKS OK I J. 
«0 Cycles. 1-25 C'ycl«'s. 

I Per Cent Power Factor. 



Per Cent Power Factor. 



95 



1.62 
1.49 

1.34 
1.31 

1.24 
1.18 

1.14 
1.11 

1.08 
1.05 

1.03 
1.02 

1.00 
1.00 



90 



1.84 
1.66 

1.52 
1.40 

1.30 
1.23 

1.17 
1.12 

1.08 
1.04 

1.02 
1.00 

1.00 
1.00 



85 



l.J>9 
1.77 

1.60 
1.46 

1.34 
1.25 

1.18 
1.11 

1.06 
1.02 

1.00 
1.00 

1.00 
1.00 



m 



2.09 
1.95 

1.66 
1.49 

1.36 
1.26 

1.17 
1.10 

1.04 
1.00 

l.CX) 
l.(X) 

1.00 
l.(X) 



95 



2.35 

2. OS 

1.86 
1.71 

1.56 
1.45 

1.35 
1.27 

1.21 
1.16 

1.12 
1.09 

1.06 
1.04 



90 



S5 



2. 86 
2.48 

2.18 
1.96 



3.24 
2.77 

2.40 
2.13 

1.75 I 1.88 
1.60 I 1.70 

I 



1.46 
1..T) 

1.27 
1.20 

1.14 
1.10 

1.06 
1.03 



1.53 
1.40 

1.30 
1.21 

1.14 
1.09 

1.04 
l.(X) 



80 



3.49 
2.94 

2.57 
2.25 

1.97 
1.77 

1.57 
1.43 

1.31 
1.21 

1.13 
1.07 

1.02 
l.(X) 
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very iniicli greater than that at the generator; in other words, pro- 
vided that the reactance of the line is not excessive or the line 
loss unusually high. For example, the constants should not be 
aj)pliH<l at 125 cycles if the largest conductors are used and tlu^ 
1()«8 20% or more of the power delivered. At lower frequencies, 
iiowever, the constants are reasonably correct even under such 
extreme conditions. They represent about the true values at 10% 
line loss, are close enough at all losses less than 10%, and often, 
at least for frequencies up to 40 cycles, close enough for even 
much larger losses. Where the conductors of a circuit are nearer 
each other than 18 inches, the volts loss will be less than given by 
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the foriiuihv, and if close together, as with multiple-conductor 
cable, the loss will be only that due to resistance. 

• The value of T dej)ends on the system and power factor. It 
is equal to 1 for continuous current and for single-phase current 
of 100 })er cent power factor. The value of A and the weights of 
the wires in the table are based on .00000302 |)ound as the weight 
of a foot of copper wire of one circular mil area. 

" In using the above formuliieand eoustauts, it should be particularly 
observed thaty^ stands for tlie ])ercent lossinthelineof thedWtrcrcd/wwer, 
not foi tlie i>er cent Joss in the line of the i)ower at the generator; and that 
E is tlie potential at the delivery end of the line and not at the generator. 

" When the power factor cannot be more accurately determined 
it may be assumed to be as follows for any alternating system oper- 
ating under average conditions: Incandescent lighting and syn- 
chronous motors, 95%; lighting and induction motors together, 
85% ; induction motors alone, 80%. 

'* In continuous-current three-wire systems, the ueutral wire for 
feeders should be made of one- third the section obtained by the for- 
muliii for either of the outside wires. In both continuous and alter- 
nating-current systems, the neutral conductor for secondary mains 
and house wiring should be taken as large as the other conductors. 

*' The three wires of a three-phase circuit and the four wires of 
a two-phase circuit should all be made the same size, and each 
conductor should be of the cross-section given by the first formula". 

Numerical examples of the application of this table, as well 
as of other formulae, arfe given later. 

A better idea of the way in which the different quantities in- 
volved affect the regulation of an alternating-current line may be 
obtained from graphical representation or from formuhe which are 
not so empiric^il. Before taking up other methods of calculation, 
however, let us consider the meaning of ])Ower factor. 

By power factor we mean the cosine of the angle by which 
the current lags behind or leads the electromotive force producing 
that current. It is the factor by which the apparent watts (volts 
times amjKJres) must be multiplied to give true power. The formula 
for ])Ower in a single-])hase circuit is then. 

Power = IE cos when is the lag or lead angle; and for 
thn^-phase circuits. 
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Power -- J E cos 6^ \ i\ when I is the current flowing iu a 
sintijle conductor. 

For two-phase circuits, balanced h)ad, tliis l>econie8, 

Power = 2 IE cos 0; and, 

Power = 2 1 ' 8 IE cos 6, for six-phase circuits. 

For single and three-phase circuits E is the voltage between 
lines. For two-phase circuits it is the voltage across either phase, 
and for six-phase circuits it is the voltage across one phase of what 
corresponds to a three-phase connection. 

Considering the formula for single phase, we find that the 
current flowing in the line may be taken as made up of two com- 
ponents, one in phase with the voltage and one 90° out of phase, 
lagging, or leading, depending on conditions. In Fig. 18 let OE 

equal the impressed pres- 
sure and OC the current 

ex 

^ flowing. = angle of lag. 
The current 00 may be 
resolved into two compo- 
nents, one in phase with 
OE = OB, and one 90 de- 
grees behind OE = BC. 
OB - ()0 cos and is known as the active component of the 
current. 



Fig. 18. 



P>(j -^ (){} sin and is known as the wattless component of 
the current. 

The capacity and inductance are distributeil throughout the 
line, that is, the line may be considered as made up of tiny con- 

yr— ^BW^ 1 nySU^ — I — rjf^ — I — nnnp — __vTJ5^pi_^ rg^^p — ^ — 

pfijiiHiiil li 

^-— — im^ — I — njw^ — ' — nnrr^ — ' — nppf^ — I — nj^w— — ^twt*— I — nnnp I 

Fig. 19. 

densers and reactance coils, connected at short intervals as shown 
in Fig. 19. Considering the inductance and capacity as distributed 
in this manner, the regulation of a system may be calculated, but 
tlu^ ])rocess is very difticult, and simpler methods, which give very 
close results, have been adopted for practical work. Probably the 
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methods presented by Perrine and Eauni are as simple as any ex- 
cept those based on purely empirical formiilft\ 

Tables giving the capacity and inductance of lines, together 
with the formulae for the calculation of these quantities, have 
already been given. It has also been stated that the effect of the 
capacity of a line Is to cause a charging current to flow in the line, 
this current being 90"^ in advance of the impressed voltage. The 
value of this charging current is: 

( hargmg current j)erwire = ^ - ' , single-pliase. 

C = capacity in micro-farads of one wire to neutral ])oint. 

f z= frequency of the circuit. 

E = voltage between wires. 

2 
Charging current, three-phase, = — —- or 1.155 X charging 

current, single-phase. 

Since the voltage across the lines is not the same all along 
the line, the value of the charging current will not l)e the same, 
but the error introduced by assuming it to be constant is not great. 
For our calculation, then, we assume that the charging current in 
an open -ciBCui ted line is cohstaift throughout its length, and also 
that the capacity of the line may be taken as concentrated at the 
center of the line. 

-^:nROTr 1 ■ — » 

E 

J 



^o W ^ 



Fig. 20. 

Consider a single-phase line such as is shown diagram matically 
in Fig. 20. 

T.et E^ = the voltage at the generator end of the line. 
E = th^ voltage at the receiver. 
L = self induction of the line. 
Ig = charging current per wire. 

I = current flowing in the line due to the load on the 
line. 
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6 = angle by which the load current differs from the 

impressed voltage. 
R = resistance of the line. 
r. — drop in voltage in the line. 

CO = 2 TT/l 

-|- j is a symbol indicating that the current is 90^ in 

advance of the pressure. 
- / indicates that the current is 90'' behind the pressure. 

The expression, VlV + (2 ir/Lf = VlV + cj L' "^^V l>e 
represented by li + ^Lg), the factor + / indicating that the square 
root of the sum of the squares of these two quantities must be 
taken to obtain the numerical result. The quantity/^ may be con- 
sidered as - 1. 

Taking the capacity of* the line and considering it as a con- 
denser located at the middle of the line, we may assume the charg- 
ing current as flowing over only one-half of the line, or one-half the 
charging current may be considered as flowing over all of the line. 

The iinpedance of the line is equal to ^^lir + o)- L^ = II + ./I^®. 
The power factor of the load = cos 0, 
The active component of the current is I cos 0. 
The wattless component of tBe current is - ;T sin (-j indicat 
ing that the current lags 90° behind the pressure). 

The charging current may be represented by + j -^. 

Then the drop due to the active component of the load is 

I cos ^ (R + jL(o). 
The drop due to the wattless component of the load is 
^Jl sin ^(R + JL(o\ 

The drop due to the charging current is + J J (R + jltoo) 

The total drop is equal to the sum of these three values = e^ 
so that, 

E^ = E + ^ = I cos ^ (R 4 jLcj) -jl sin ^ (R + j^oi) 

Expanding this and substituting - 1 for J^ we have. 
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E^ = E + I cos ^ li -f jl cos Lo) -./I sill 11 -}- I sin Lo) 

lleferring to Fig. 21 we have these various values j)l()tted 
jnrraphically. 



Off = E, 



Ol, = -J -^, 



7 L.Lco 

he = - -.., - 



(7e = + ,yl cos L®, 
/y = + ILg) sin ^, 



c(7 = + I cos ^ R, 

ef= -jlliQm0, 

Of/ = E . 

ab is plotted 1)0^ in advance of o(f on account of the symbol 

7)r is plotted in the opposite direction from f^(( on account of 
the neo;ative sitrn. 

r/'is plotted downward on account of the syuihol -j. 



1 






1 X 
/ 


.^ " " 


b 


O''""" ^ 


a 



"si* 
Fig. 21. 

If we let oa\ Fig. 21, represent the current vector, then = 
angle of lag, and erj which equals IR is plotted parallel to o/i and 
(V = ILct) is plotted perpendicular to Of/\ 

It is seen from this that the charging current tends to pro- 
duce a rise in E.M.F. instead of a drop in pressure. 

The above takes into account only tin* constants of the liiu». 
In order to determine the regulation of a complete system, the 
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resistance, capacity, and inductance of the translating devices must 
be considered as well. In Fig. 22 is shown a diagram of a com- 
plete system with both step-up and step-down transformers con- 
nected in service. The charging current may be considered as 
flowing through half of the system only, namely, the generator, 
the step-up transformers, and one-half of the line. 

L R 







T" 



Fig. 22 

Let li, = the equivalent resistance of the step-down trans- 
formers. 

R, = the equivalent resistance of the step-up trans- 
formers. 

L, = inductance of the step-down transformers. 

L^ = inductance of the step-up transformers. 

li^ =: equivalent resistance of the generators. 

Lg = equivalent inductance of the generators. 

li = resistance of the line. 

L = inductance of the line. 

L, = L. + L., + L^ + L. 

llr = E, + R> + K, + li. 

All quantities should be converted into their equivalent 
values for the full line pressure. Thus the generator and re- 
ceiver voltages should be multiplied by the ratio of transforma- 
tion of the step-up and stej)-down transformers, respectively, to 
change them to the full line pressure. The resistance and induc- 
tance of the transformers must include the resistance and inductance 
of both windings, and the value must correspond to the line voltage. 
Thus the resistance of the step-up transformers will be 7\ ii? -\- 7*^, 

when ^j = resistance of primary coil, 
y, = resistance of secondary coil, 
7/ = the ratio of transformation. In the same way, the 

equivalent resistance of the step-down transformers will be rj+ n' 
/•,. The generator resistance and inductance must te multiplied by 
ir to bring them to equivalent values for the full line pressure. 
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Our formula then becomes: — - 

Eo = E + I cos ^ (Et +^; I^g)) -/ 1 sin 6 (Er +7!.^®) + 
a, [(I + R, + R,) +> (-^ + I. + L,,)] 

Plotted graphically we have, Fig. 21: 

oa — E cd — I cos 6 R^ 

7 T /^^^ I T I T \ /f/ = I W 6) sin 

The numerical value of E and E^ may be determined, from a 
diagram such as is shown in Fig. 21, when constructed to scale; 
or it may be calculated analytically, remembering that the quan- 
tities affected by j are to be combined, geometrically, with the 
quantities not affected by the symbol. 

The above formuhe apply to single-phase circuits directly. 
If to be used for the calculation of three-phase circuits, the follow- 
ing points must be observed: 

2 

1. Charging current ( Ic ) three-phase = — x charging current 

single-phase. 

2. The voltage should, preferably, be considered as the voltage be- 
tween one line and the neutral pointy The voltage to the neutral point 
will be the line voltage divided by j/ 8. 

3. The resistance of one line only is considered, not the resistance 
of a loop. 

4. The inductance of one line only is used. The inductance of one 
line e<iuals the inductance of a loop divided by j ;^. 

Examples of Alternating-Current Line Calculation. 

1. What is the caj)acity, in micro-farads, between wires of a 
single-phase transmission line 10 miles in length composed of 
numl)er copper wire spaced 15 inches apart ? AVhat is the 
capacity to the neutral point ? 

10 42 X 10'^ 

Vj in farads :~ — '- ^oa ~~ 1^^ "^'^^ ^'^ circuit. 

log -,- 

A = 15 inches d = .U)2 inches. 

^•} = 1S5 log 1S5 - 2,2iu2 

d ^ 
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in farads = '^ ^^^ X 10 = .000000085 

C in niicro-farads = .000000085 X 1,000,000 = .085 

in micro-farads with respect to the neutral point = — ^ . 

C in micro-farads ==: ^^ — . c,i*'yci X 10 = .171 

This shows that the capacity to the neutral point is twice the 
cajwcity to the other wire. 

2. What is the self inductance of the above circuit ? 

L = .000558 X ~L('2,303 locr ^^ _^ .^o] ^''' "^"" ''^ 
|/ 3 \ ^ (f / circuit. 

L = .000644 (2.303 X 2.2672 + .25) X 10 

= .000644 X 5.47 X 10 = .0352 henrys. 

3. A circuit has a capacity of .2 micro-farads. What must 
be the value of its inductance to compensate for this capacity at 
00 cycles ? 

C- — ^— 

= .0000002 farads 

(2ir/y = (2 X 3.1410 X 00/ = 142122 

.0000002 =j-^2l2L. 

L = 1 ^ (142122 X 00()()0()2) = 35.2 henrys 

4. It is desired to transmit 1,000 K.W. a distance of 25 
miles at a voltage of 20,000, a frecjuency of 00 cycles, and a ])ower 
factor of 85%. Transmission is to be a three-pliase three-wire sys- 
tem. Allowing 10% loss of delivered power in the line, required: 

a A rea of cond uctor. 

b r'urrent in each conductor. 

c V^oltH lost in line. 

d Pounds of copper. 

,,. , ., I) X W X c 
p X I*-- 
D = 25 X 5,280 ■-■- -■- 1:32.000 
W = 1,000 X 1,000 =^ l.OOO.OOO 
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C" = l.oOO for three-phase three wire system and 85% power 

factor. 

p = 10 

K -: 2(),()()0 E- ^. 4()0,()00,()00 

,,. , ., 1:}2»)U() X lOOOOOO X l.">(>(> 
Circular lails ^^ 



10 X 400000000 
13^X 1500 ^ ^,^.^ 

Nuinher H wire has a cross-section of 52,400 cir. mils. 

W X T 
b Current ill each conductor = - ,, = ;54. 

T = .OS for three-phase system, 85 7^ ])0\ver factor. 

^' , , . T 7^ X 1^^ y i^ 

c \ olts lost in line = ^tt 

1> = 1.18 for number 3 wires, (JO cycles and 85% powder 

factor. 

10 >< 20,000 X i.is 
\ olts lost =-. ---— =z 23()0 

d Pounds copper = -^ ^, ^ 1,000,000' ""' '^ "'^^^ ^"^ ^''^" 
ciliated directly from the weight of wire triven in the tables after 
the size of wire has been determined by other formula?. Thus 75 
miles of number 3 wire is rccjuired. This weighs 159 pounds 
per 1,000 feet. . 

150 X 5.280 X 75 = 02,l.M)4 pounds. 

5. A single-phase line 20 miles in length is constructed of 
number 000 wire strung 24 inches apart. It is desired to trans- 
mit 500 K.W. over this line at a frequency of 25 cycles and a 
power factor of 80%, the voltage at the receiver end being 25,000. 
Considering the line drop only, what must be the voltage at the 
generator end of the line? 

K„ :--: K I I cos U ! ; I cos O \ . fo - J 1 siu U | I siii 

E =: 25,000 

500,000 .^ ,, ,,, ^, 

I =--—-=: 2o iT\)wer = Ih cos 0) 

25,000 X .80 ^ ^ 
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Cos e = .80 

Sin = .60 (from trigonometric tables) 
R = resistance of 40 miles of number 000 wire = 14:.66 
ohms at 50^ C. 

L = .00277 X — _ X 20 = .064 (calculated from Table V). 

ft) = 277/^= 2 TT X 25 = 157 

E X C X 2 TT X ;/ ' 25,000 X .3752 X 157 
^« ~ 2 X 10« " 2 X 1,000,000 ^ ■" • "P- 

C = .3752 (Table IV or calculated). 

Substituting these values in the above formula we have, 
Eo = 25,000 + 291.2 +7 200.8 -,; 218.4 + 150.6 +^'5.36 - 3.7 
Eo = 25,000 + 291.2 + 150.6 - 3.7 + ,;(200.8 - 218 4 + 5.36) 
Eo = 25,000 + 291.2 + 150.6 - 3.7 - j (218:4 - 200.8 - 5.36) 

Eo = 1/(25,000 + 291.2 + 150.6 - 3.7)^ + (218.4 - 200.8 - 5 36)^ 
Since the symbol / indicates that the quantities must be com- 
bined geometrically. 

Eo = V/p;488Tl)2 + (12.24)2 = 25,438.1 volts. 

6. A three-phase line 20 miles in length is constructed of 
number 000 wire strung 24 inches apart. We wish to transmit 
1,000 K.AV. over this line at a frequency of 25 cycles and a power, 
factor of 85%, the voltage at the receiving end being 2,000. Three 
Y-connected 500 K.W. transformers having a ratio of 10 : 1 step 
the voltage up and down at either end of the line. The resistance 
of the high-tension winding of each transformer is 4 ohms. The 
resistance of the low-tension windings is .04 ohms. The induc- 
tance of each transformer is 4 henrys. Neglecting the generator 
constants, what must be the voltage applied to the low-tension 
windings of the step-up transformers? 

Eo-E + Ieos^(RT+iLT«) -iIsind(llT + jl^) +jl^ 



[(l+K.)+>(4 + L.)] 



Since this is for a tliree-phase circuit we will work with the 
voltage to the neutral point and will change all values to corre- 
spond to the line voltage. Hence, 
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*^x 10 = — X 10 ^ 



13 IS 

I = 34 amperes. Since T 3 IE (^os = l,i)()0,UOO 

E = 10 X :i,0()0 :-- 20,000 
. Cos e = .85 
1 ==34. 

Itj, i^ Ilesistanee of one line + eijuivalent resistance of one 

transformer at each end of the line. 

111. = 7.28 ohms + 4 -I- 100 >. .04 -1 4 j 100 X .04. 

= 23.28 ohms. 

I^ = .0554 yf- 1 3"+ .4 -\- .4 = .S32 henrys. 

(o = 157 

sin = .52 

o 
I.. =^ .580 X —■ = .077 amp. — eharcrlnir current sincrlo- 
V'3 Ion o 



ihasti 


X- 


2 
Ti' 




li 


= 3.(54 




li.. 


= 8 




L 


= .OK) 



I., = A 

Substituting these values in our foninila we have, 

EX 10 ^ 20^) ,..,^ ^,.^ ^^^ ,. ,^^^^., 
1.73 l.<3 '■ '' 

+ J? 7.88 - 44.2 
- 11,550 + 072.8 4 2,300 - 44.2 + ./ (3,774 - 411.0 + 7.88) 
=- I T4,487.(r +lJ3'7a3- =- 14,874 
E^, = 2,573 volts. 

TRANSFORMERS. 

A transformer consists of two coils made up of insulated wire, 
the coils being insulated from each other and from a core, made 
up of laminated iron, on which they are placed. One of these 
coils, known as the primary coil, is connected across the circuit, in 
constant-potential transformers, and the other coil, known as the 
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secondary coil, is connected to the lamps or motors, or whatever 
makes up the receivers. As a matter of fact, these coils are each 
usually made up of several sections. The voltage induced in the 
secondary windings is equal to the voltage impressed on the pri- 
mary winding multiplied by the ratio of the number of turns in 
the secondary to the number in the primary coil, less a certain drop 
due to impedance of the coils and to magnetic leakage. This drop 
is negligible on no load. If transformers are used to raise the 
voltage, they are termed sfij^-aj) transformers. If used to lower 
the voltage, they are called dtp-doicn transformers. 

Losses of power occurring in transformers are of two kinds 
namely: 

Iron or core losses which are made up of hysteresis and eddy- 
current losses in the iron making up the core, and 

Copper losses which are due to the PR losses in the windings 
with the addition, in some cases, of eddy currents set up in the 
conductors themselves. 

The efficiency of a transformer depends on the value of these 
losses and may be expressed as the ratio of the watts output to 
the watts input. 



Ws w,. .,w.. 




AVj^ =: watts secondary. 




AVp :^ watts primary. 




W^. =^ copper losses. 
Wh = hysteresis losses. 




We = eddy current losses. 





The iron losses renaain constant for any given voltage regard- 
less of the load, while the copper losses are proportional to the 
square of the current. The efficiencies of transformers are high, 
varying from \)\ to 95% at \ load to 98% at full load for sizes 
above 25 K.AV. 

By All-Day Efficiency is meant the efficiency of a trans- 
former, taking into consideration its o[)eration for twenty-four 
hours, and it is calculated for the ratio of watt-hours output to 
watt-hours input for this length of time when in. actual service. 
For calculation, the transformer is often assumed tol)e fully loaded 



POWER TRANSMISSION 



45 



for five hours and run with no load for the remaining nineteen. 
The all-day efficiency ia then determined as follows: 

Output, K.W. hours — watts^outjmt at full load X 5. 

Input, K.W. hours — watts output at full load X 5 

loss at full load X 5 ■ core loss at normal voltage X 24. 



-h T-'Ii 



All-day efficiency 



_ output, watt -hours 
input, watt-hours. 



AWSAWW ^VVVWVy*>A»' WVVA^AAAA/ 

A^AAww^^ ^A/v^^^^^AA^ iwwwww^ 



Tlie assumption that a lighting transformer is fully loaded 
five hours out of the day is not always a correct one. On many 
circuits from two to three hours of full load would be more nearly 
the proper value to use in calculating the all-day efficiency. 

By Regulation of a transformer 
is meant the percentage drop in the 
secondary voltage from no load to full 
load when normal pressure is im- 
pressed on the primary. Tliis drop is 
due to the IR drop in the windings 
and to magnetic leakage. In well 
designed transformers the loss due to 
•magnetic leakage is about 10^^, or 
less, of that due to the resistance drop. 
For non-inductive load (|)ower factor 
= unity) the regulation is from 1 to 
3% in good transformers. With in- 
duction load this is increased co 4 or 
59?>, or even more. 

Both the efficiency and the reg- 
ulation should be considered in selecting a transformer for given 
service. Thus, if a transformer is to be used for lighting, its reg- 
ulation should be of the best, since drop in voltage due to the trans- 
former is in addition to that due to the conductors. In the same 
way the regulation of any system as a whole de|)ends to a certain 
extent on the regulation of the transformer installed. 

If the efficiency of a transformer is low, it means a direct loss 
of considerable energy as well as greater heating of the transformer 
and consequent deterioration. If a transformer is to be used for 
lighting purposes, or is lightly loaded, a large portion of the time, 
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a tyjHi sliould be selected which has a relatively low core loss so as 
to increase the all -day efficiency. If fully loaded all day, the 
losses should be divided about equally between the copper and the 
iron losses. 

Transformer Connections. Transformers for three-phase 
work may be connected in two ways. Where three transformers 
are used, they may be connected in Y or star, that is, with one 
terminal of each primary brougrht to a common point and the other 

terminal connected to a line wire 
I (see Fig. 23), or they may be con- 

I * 1 nected in A or mesh when the three 

ww^AAA^A/^-^AAAAA/vwv^r^AA^/yAAAAJ primaries are connected in series and 
KAMAA^wvi isAwwAAAAA-i fwvwsAAvvi tlie Huo wires are connected to the 
I II II I three corners of the triangle so 

formed (see Fig. 24). The second- 
aries may be connected in Y the 
same as the primaries or the second- 
aries may be connected in Y when 
the primaries are in A, or vice versa. 
The voltage relation may be best de- 
termined from vector diagrams as 
p. 24 shown in Fig. 25, which gives the 

voltage relation of step-down trans- 
formers with a ratio of 10 : 1, when the voltage across the primary 
lines is 1,000. 

Changes may be made from two to three phases, or from three 
to two phases, with or without a change of voltage, by means of 
transformers having the required ratio of transformation by use of 
what is known as the jScott connections. Fig. 26 shows such a 
connection together with a corresponding vector diagram showing 
the relations when the change is from two to three-phase with a 
10 : 1 transformation of voltage. The 7?iaiji transformer is fitted 
with a tap at the middle point of the secondary wiring to which 
one terminal of the tease?' transformer is connected. The teaser 
has a ratio of transformation differing from that of the main trans- 
former, as shown in the figure. 

Sl,r Phases are obtained from three phases for use with 
rotary converters by means of transformers having two secondary 
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windings or by bringing both ends of eadi winding to opposite 
])oints on the rotarj'- con verier winding, utilizing the converter 
winding for giving the six phases. The latter, shown in P'ig. 27, 
is known as a diametrical connection. When transformers with 
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Fig. 25. 



two secondaries are nsed, the secondaries may be connected in six- 
phase Y or six-phase A as shown in Figs. 28 and 29. When the 
Y -connection is used, the common connection of each set of sec- 
ondaries is made at the opposite ends of the coils. Tliis leaves tlie 
free ends directly opposite or ISO*^ different in phase. Tlie way in 
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which these ends are brought out to give six phases is best illus- 
trated by means of the two triangles arranged as shown in Fig. ;3(). 
which have their points numbered corresponding to the connec- 
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tion in Fig. 28. In Fig. 29 one A is reversed with respect to the 
other, and six phases are brought about in this manner. 

Single transformers, constructed for three-phase and six-phase 
work, are now being manufactured in this country, and they are 



Lvnaaaaaaa/~^"~vaaaaa^aa/~^~v\aa/vna^saa) 



KAAAAAAAA/I lAW/NA/WA/VI 




\AAV»wWV1 j-NAAAAAA^ r"\A/VSAAA^4 



KA/VSA/NAA/ 



KAAAAAA* 



KAAAAAAA- 



Fig. 27. 
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Fig. 28. 



being used to an increasing extent. They are a little cheaper to 
build for the same total output, and save floor space, but are not 
so flexible as three single-phase transformers. 

Where other conditions allow, a A to A-connection is prefer- 
able, for with this connection, if one transformer is injured, it 
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may he> taken out of circuit and the reniainin^ two will maintain 
tlie service, and may be loaded up to § of the former capacity of 
the system. In the Y-connection, however, the voltage impresseil 

on the transformer windintr is only - — .5S times the volt- 

"^ ^ 1 8 

aj/e of the line, thus making it possible to construct a transformer 

with a fewer number of turns. The windings must be insulate<l 

from the case, however, for a ])otential ecpial to the line potential, 

unless the neutral ])oint be grounded when the jK)tential strain to 

which the transformer is liable to be subjected, under ordinary 

1 
conditions, is reduced to - - of its value when the neutral is not 

grounded. For small transformers 
wound for high ])otential the cost is in 
favor of the ^'-connection. 
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Choice of Frequency. The frecjuencies in extended use at 
present in this country are 25, 40, and (50 cycles. 2.") or {){) eycles 
being met with more frecpiently than 40 cycles. Formerly, a fre- 
(]uency of 125 or Wi] cycles per second was quite often employed 
for lighting })urposes, but these are no longer considered standard. 

The advantages of the higher frequency are: 

1. Less lirst cost and smaller size of generators and transformers for 
a given output. 

2. Tietter a(lai)ted to the operation of arc or incandescent lamps. 
Lamps, when run below 40 cycles, especially low candle-power incandes- 
cent lamps at 110 volts or higher, are liable to be trying to the eyes on 
account of the flicker. 
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Its disadvantacxes are: 

1 . Inductance and capacity eflects are greater, hence a poorer regu< 
lation of the voltage. The charging current 18 directly proportional to the 
fre<juency and this ainountK to considerable in a long line. 

2. There is greater difficulty in parallel operation of the high-fre- 
quency machines due to the fact that the armature reactions of the older 
types of high-frequency machines are high. 

il. Machines for high frequencies are not so readily constructed for 
o))eration at slow speeds. This, however, will cease to be an objection 
with the increasing use of the sieam turbine. 

4. Not well adapted to the operation of rotary converters and single- 
phase series motors on account of added complications in construction and 
increased commutator troubles. 

A frecjucncy of 00 cycles is nsually adopted if the power is to 
be used for li^htintr only, and 2o cycles are better for railway work 
alone. By the use of freijuency chancrers the frequency of any sys- 
tem may be readily changed to suit the re<jiiirenients of the service. 

OVERHEAD LINES. 

Havintjr considered the calculation of the electrical constants 
of a transmission line and distributing system, we turn next to the 
mechanical features of the instiillation of the conductors and find 
two general methods of running the wires or cables. 

In the first method the conductors are run overhead and sup- 
})orted by insulators attached to pins in cross-arms which, in turn, 
are fastened to the supporting poles. In the other methods the 
cables are ])laced underground and are supported and protected by 
some form of conduit. 

Overliead construction is used when the lines are run through 
oj)en country or in small towns. It forms a cheap method of pro- 
viding satisfactory service and is reliable when carefully installed. 
It has the advantage that the wires may be placed some distance 
apart and, being air-insulated, the capacity of the line is much less 
than that of underground conductors. 

The old practice in overliead line construction has ailways been 
to consider the design and erection of the line as work that anyone 
could do, it being taken as the simplest part of the electrical 
system. Asa result, the line was a source of a great deal of trouble 
which was laid to almost any other cause than poor construction. 
The overhead line, when used, must be considered as a part of the 
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power plant and it sliouM receive as careful attention as any part 
of the central station or sn])station. It often has to meet ninch 
more severe conditions than the power |)Iant itself and it is respon- 
sible to a very lar^e extent for the reliability of service. 

The new way of treating the (jnestion of overhead lint»s is to 
consider them as structures which must be designed to meet cer- 
tain strains just as a bridcre or similar structure is designed. This 
is especially true when st(»el or iron poles are used as is the case 
in nearly all transmission lines abroad. 

Thedesiirn of an overhead line may be divi<led into five ])arts: 

1. liocation of line. 

2. Supports for the line, pole, and cross-arms. 
H. Insulators and ])in8. 

4. Stresses si!staine<i by the pole line, 
o. Conductors, material, size. 

Some of these are purely inechanical features while others are 
both mechanical and electrical. Let us take them uj) in the order 
named. 

Location of Line. The location of the line takes into account 
the territory over which the line must be run with resj)ect to 
contour, direction, and freedom from obstructions as well as pos- 
sible right of w^ay. Width of streets, kind and height of buildings, 
liability to interf^^rence with or from other systems must be con- 
sidered, when such are ])resent. The right of way for electric lin^s 
may be secured, in some cases, along a railway or public road when 
its location is com])aratively simj)le. ])rovi(led it is not necessary 
to interfere with adjoining ])roperty. When adjoining j)rop(M'ty 
must be interfered with, or when the line is to run over sections 
containing no roads, it is usually possible to form contracts with 
the pro})erty owner such as shall free the line from future inter- 
ference by the ])roperty owner. In general, the cost of such con- 
tracts will be com]>aratively low. Again, the right of wav may 
l)e purchased outright as is preferable when right of way is being 
secured for high-spee<l electric railways. When tin* demands for 
right of way are in excess of a reasonable amount, tln^ ])r()cess of 
condemnation of property may be resorted to or the direction of 
the line maybe changed so as to avoid such locations. A ])relimi- 
uary survey of the line should be made at the time the route is 
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being located, such a survey consisting of the approximate location 
of the poles, notes of the changes in direction and level of the 
ground as well as of its character. This survey aids in the selec- 
tion of niaterial to be deliverecl to the different jwrts of the line. 
Changes in level are compen^ted for as much as j)ossible by 
selecting long poles for the low places and short poles for the 
higher elevations, thus reducing the unbalanced strains in the line. 
The heavier poles should be used where there is a 
' I change in direction, where the line is esj)ecially ex- 

j)oseil to the wind or where branch lines are taken off. 
It is sometimes necessary that j)Ower lines be run on 
the sj!me ])oles as telephone wires, in which case the 
power conductors should, preferably, be located above 
the telephone wires. 

Supports, Poles. In this country, the 8upj)ort 
for atrial lines consists almost universally of wooden 
poles to which the cross-arms, bearing the insulator 
pins, are attached. These poles may be either natural 
grown or sawn. Abroad, the use of metal poles pre- 
vails. In order to determine the pmper cross-section 
of a ])ole it may be regarded as a beam fixed at one 
end and loaded at the other, this load consisting of the 
weight of the wire, with attendant snow or sleet, which 
tends to produce compression in the pole, and the 
tension of the wires together with the effect of wind 
])ressure, which tends to produce flexure. Only the 
FifT. 31. latter stresses need l>e considered in selecting a pole 
for ordinary transmission lines. The ]K)les are in the 
truncated cone or pyramid, the equation of which is: 
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See Fig. HI. 



// : diameter o( any section. 
,/• ^_ distance from the top of the pole. 
/ =r.- length of pole, 
^/j and J, -- diameter of the jK)Ie at the top and l>ottom re- 
spectively. 
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The proper taper for a pole should he such that </, -— ij of //,. 
If </., > 2 (/^ the pole is heavier than need be as it would tend to 
break below the ground. If less than ^ r/,, the pole will tend 
to break above the ground and the material is not distributed to 
the best advantage. 

In calculating the size of pole necessary to stand a certain 
stress, we have, from the principles of Mechanics, 



M — - moment of resii^tance. 

I = moment of inertia. 

S - - stress in the section at V. at which j)oint the pole is 
least able to withstand the strain which conu'S on it. 

M = P/ where P is the tension in the wires and / — - length 
of })ole in inches. 

For a round r)ole, I =^ 7/, "^ 
^ t)4 

and we have, IV r~ — ^ ~77T^ 

k>olvincr for h, S - : - ■ 

For a sawn j)()le with sijuart* cross-sections tlu» value of I is: 

and /V rtr^ -. ■ or S -- ,, - 

The value for S should not exceed a certain proportion of the 

ultimate strength of the material. If T represents tin* ultimate 

T 
strength in pounds per square inch, then P -- where // is known 

ns the fju'tor of SMfelv ;ind is ordinaiilv noi taken less than lO for 
woo<ien structures. A liioli factor of safety is necessary on account 
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of the material not ])eiiitr uiiiforni, and the uueertaiiity of the 
value of T. 

Followintr art* eoiunionly accepted values of T: 

Yellow pine o,0(K) - liV)00 i)ound8 

Chestnut 7,(KK) - 18,(MK) '* 

Cedar 11,500 " 

Redwood 11,000 

T 

The value of — should not be over about NOO for natural poles 

// ^ 

and WO for sawn })oles. 

f/ , is measured at the ground line of the ])ole, not at the base. 

Consider a |K)le of circular cross-section having a length of 
35 feet and a diameter at the ground line of 12 inches. Using 

T 

_ ~ ()()(), what is the maximum allowai)le stress that should Ije 
// 

applied at the end of the )K)le { 

/ r ;{.-, X 1:3 r^ 420 inches. 
</, =- V2 
■ H2 X •'.00 X 420 
'^ ^ - :U41.i X 172S ^^ ^•■^^'^ "•^- 

It is customary to select a general type of j)ole for the whole 
line determined from calculations based on the above fornuila*, 
after the tension in the wire has ])een found, and not to apply 
such calculations to everv section of the line. The line is then 
reinforced, where necessary, by means of guy wires or struts. 

Following arc some of the general re<juirements for poles: 

Spacing should not exceed 40 to 4o yards. 

Poles should he set at least live feet in the K^ouud with au addi- 
tional six inches for every live feet increase in length over thirty-five feet. 
Special care in settin>r is necessary when, the j^round is soft. End and 
corner poles should he hraeed and at least every tenth pole along the line 
should he j>:uyed with '4 or 'h-u^^*** stranded galvanized iron wire. 

Regular insjRH'tion of poles, at least yearly, should be main- 
taint'd and defective poles I'cplaced. The condition of poles is l>t*st 
dctciiiiincd bv examination at the base. 
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Poles Bbould preferably btJ of good, souud chestnut, cedar, or 
redwood. Other kinds of wooil are sometimes used, the material 
depending largely on the section of the country in which the line 
is to be erected and the timber available. Natural ])ole8 should be 
shaved, roofed, gained, and given one coat of paint before erecting. 

Special methods of preserving poles have been introduced, 
chief among which may be considereil the process of creosoting. 
Creosoting consists of treating the j)oli»s with live steam at a tem- 
perature of 22o to 2T){y\ so as to thoroughly heat the timber, after 
w^hich a vacuum is formed and then the containing cylinder is 
pumped full of the preserving material, a pressure of about 100 
jK)unds per square inch being used to force the desired amount of 
material into the wood. The butts of poles are often treated with 
pitch or tar, but this should only l)e ap|)lie<l after the pole is 
thoroughly dry. 

Guying of pole lines is one of the most important features of 
construction, (iuys consist of three or more strands of wire, 
twisted together, fastened at or near the top of the pole, and car- 
ried to the ground in a direction opposite to that of the resulting 
strain on the pole line. The lower end is attached to some form 
of guy stub or guy anchor. This may l)e a tree, a neighboring 
pole, a short length of j)ole set in the ground, or a patent guy 
anchor. Guy stubs are set in the ground at an inclination such 
that the guy makes an angle of IK)' with the stub or with the axis 
of the stub in the direction of guy, the stul> in the latter case l)eing 
held in place by timber or ])lHte fastened at right angles to the 
bottom of the stub. Such a timber is known as a ^' dead nnm •'. 

The angle the guy wire makes with the pole should be at least 
20'. When there is not room to carry the guy far enough away 
from the base of the j)ole to bring this angle to 20' or more, a 
strut may be used. This consists of a j)ole slightly shorter and 
lighter than the one to i)e reinforced. It is framed into the line 
jK)le near the top and set in the ground at a short distance from 
the base of the pole on the opposite side of the jjoh* from that on 
which a guy would be fastened. 

Stranded galvanized steel guy wiie is used for guys. There 
are two general methods of attaching the guys to the top of the 
j)ole. In the one, a single guy is run, attached at or near the 
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middle cross-arni, while in the other, known as " Y" guying, two 
. wires are run to the top- of the j)ole, one at the up|)er the other at 
the lower arm, and these united into a single line a short distance 
from the pole. 

Head guying, guying in the direction of the line, is used when 
the line is changing level and for end poles. The guys are attached 
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near tlie toj) of one ])()le and rnn to the bottom of the pole just 
ahove. Fig. 32 shows several methods of reinforcing ])ole lines. 
Special methods are ada])ted as necessary. 

Cross-Arms. The hest cross-arms are made of southern yellow 
pine. Oak is also used to a large extent. They should be of 
selected well-seasoncil stock. The usnal method of treatment is to 
paint them with white lead and oil. The size of cross-arms and 
s])acing of pins have not l)een thoroughly standardized. For cir- 
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ciiits up to 5,000 volts, S^ X -i^ or 3^ X i[" cross-arms with 
s[>acing between pins of 16 inches, the jmle pins being spaced 22 
inches, are recommended. For hicrher voltages, special cross-arms 
and s])acings are necessary. The cross-arms should be spaced at 
least 2-i inches In^tween centers, the toj) arm being placed 12 inches 
l)elow the top of the ])ole. They 
are usually attached to the ])ole by 
means of two bolts and are bi-aced 
by galvanized iron braces not less 
than IV X '^\ inch an<l about 2s 
inches long. 

Cross-arms are ]>hiced on al- 
ternate sides of the poh^s so as to 
})revent several of tliem from being 
})ulled off 8houl<l one become 
l)roken or detached. On corners 
or curves double arms are used 
In Euroj)ean j)ractice, the cross-arm 
is done away with to a large extent, 
the wire beintr mounted on insula- 
tors attached to iron brackets 
mounted one above the other. Fig. 
Hi gives an idea of tliis con- 
struction. 

Insulators. Electrical leak- 
ag(* between wires must be ])re- 
v(Mited in soine way and various 
forms of insulators are depended 
u]K>n for this purpose. The ma- 
terial used in the construction of 
these insulators should possess the 
following properties: high specific 
resistance; surface not readily de- 
stroyed and one on which moisture 
d(x.*s not readily collect; mechanical strength to resist both strain 
and vibratintr shocks. Its desicrn must be such that the wire can 
be readily fastened to it and the tension of thi^ wire will be trans- 
Uiitted to the pin without |>ro(lucing a strong strain in the iiisu- 




Fig. a3. 
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HEIGHT 3} TESTED AT 50.000V HEIGHT 3" TESTED AT 3CtOOOV. 




HEIGHT 4^' TESTED AT 7aO0OV. HEIGHT 7^ TESTED AT SOPOOV. 





HEIGHT 4|"tESTED AT 50.000V. 



^5 ^^ 

HEIGHT 4^" TESTED AT SaOOOV. 





HDGHT 3^ TESTED AT 40.000V. HEIGHT 4| TESTED AT 4C1000V. 
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later. T^akaf^e surface must be ample for the voltage of the line 
and so constructed that a large portion of it will he ])rotected from 
moisture during rainstorms. The ])rinci|)al materials used are 
glass and j)orcelain. 

Porcelain has the advantage over glass that it is less brittle 
and generally stronger and that it is less hygrosc()})ic, that is, mois- 
ture does not so readily collect on and adhere to its surface. Glass 
is less conspicuous and is 
cheajx^r for the smaller in- 
sulators. Both materials 
are freely used for the con- 
struction of high-tension 
lines, while the use of glass 
j)revails for the low-tension 
circuits. 

All line insulators are 
of the petticoat type and 
are made up in various 
shapes and sizes. The 
larwr size ])orcelain insu- 
lators are made up in two I f ' - 
or more jMeces which are ti<iuc^iQ5 r.r 
fastened together by means 
of a ])as'te formed of lith- 
arge and glycerine. The 
advantages of this form of 
construction are greater 
uniformity of structure, 
and each j)art may be tested separately. Fig. 'U shows several 
forms of insulators now in use with the voltage at which they 
are tested. The test applied to an insulator for high-tension lines 
should be at least double the voltatrt- of the line, and some encrineers 
recommend three times the normal voltage. 

Pins. Pins made of locust wood boiled in linseed oil are pre- 
ferred for voltages uj) to 5,000. Above this sjK'cial |)ins are used. 
Wood pins are often objected to on account of the burning or 
charring which takes place in certain localities, and iron pins are 
beinc{ used to a larm* extent. Fio'. ^5-"") shows the dimensions of such 
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a pin used on a <)(),()0()-volt line. The insulator is fastened to the 
j)in by means of a tliread in a lead luf^ which is cast on top of the 
})in. The insulators in the construction shown in Fig. 33 are 
cemented to the iron hiackets. 

The Stresses sustained by the line may be classified as 
follows: f 

1. Weight of wire, which includes iuKulation, and snow and sleet 
whicii may he sui)ported hy the wire. 

li. Wind i)reH8ure upon tiie parts of the line. 

The strain ])roduced by tlie weit^ht of the wire on the jK)le 
itself need not be considered exce})t in excej)tional cases, because 
if the pole is sufficiently strong to withstand the bending strains, 
it is more than strong enough to withstand the compression due 
to the weight of the wires. 

:i. Tension in the wire itself. 

Langlev shows the j)ressure of the wind normal to flat sur- 
faces to be e<jUHl to: 

l> ' - pressure in pounds per s(j. ft. 
r velocity in miles per hour. 

For cylindrical surfaces the amount of pressure is j| that ex- 
erted on a flat surface of a width eipial to the diameter of the 
cylinder. Without great error we may assume that the maximum 
wind ])ressure, and that for which calculation is necessary, is that 
at right-angles to the line, and a value of thirty pounds per scpiare 
foot is sutticient allowance for exposed places, while twenty |)Ounds 
|KM- s(piare foot is considered sufficient where the line is par- 
tially sheltered. 

h\n/i,ij>l>. What is the pressure, due to the wind, on the 
wires of a pole line containing three number 0000 wires, the poles 
being spaced 40 yards and the velocity of the wind such that the 
pressure may be taken as ;M) pounds j)er square foot. 

The diameter of a number 0000 wire is ,M\{) inch. The an^a 
against which the win<l exerts its force may be con8idere<l as: 

•j :l i:> :l 1-J ■ .1(*>() 
- - ... ').P>r> square fet^t. 
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5.1(5t) X HO = 155 j)ouiids ju'essure clue to wind on wires. 

The most important strain-prodncino; factor in a line is that 
due to the tension in the wire itself. A wire Ruspenchnl so as to 
lianj;lj freely between two supports assumes the form of curve known 
as a catenary, hut for ordinary work the curve may he taken as a 
parabola the e(j nation of wliich is simple and from which the fol- 
lowing equations are derived : 

I) - "^^^' 

- HP, 

iinv 

^ C 



L = 11 :- 



Si)' 

im 

When 1) = deflection or satj^ at lowest |K)int in feet. 

L =: actual lencrth of wire between su])ports in feet. 

H = distance between supports in feet. 

W = weight of wire in |)Ounds per foot. 

F^. =: horizontal tension in the wire at the miihlle ])()int. 

T 

V^, = where T = tensile strength of the wire and y/ = 
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factor of safety. // =^ 2 to i> under the conditions existing when 
the wire is erected. The tem})erature changes in the wire affect 
the value of this factor, it being greatest when the temperature is 
a maximum, and a minimum when the tem|>erature is lowest, and 
calculation should be for the maximum strain that may come on 
the wires. 

If L|. - " length of a wire at a given temperature, t (\ 
and L^„, --- length of a wire at a given ttMujierature, 20 ('. 
Then, L, - K{\+ k (t - 20)]. 

k - .<)0(X)1:2 for iron. 

.(HMK)IOS to .(KKH)114 Ibr aluinhmin. 
.<KXK)172forcoi)i)er. 

The following table gives the deflection of spans of wire in 
inches for different temj)eratures and different distances between 
poles, a maximum stress of 30,000 pounds per scjuare inch ])eing 
allowed at - 10' F, wliich gives a factor of safety of 2 for hard- 
drawn copper wire. 
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TABLE VII. 
Temperature Effects in Spans. 



TKMI»h:i{ ATIUK IN I)K<;HKKS FAIIKKNHKIT. 
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.K) 



40 



oO 



(')0 



70 



80 



DcHet'liou ill IiuIh'." 



50 


..') 1 


it 


8 


9 


i) 


10 


11 


m 


•''' 1 


8 


10 


11 


11 


12 


13 


70 


1. 


10 


11 


12 


13 


14 


15 


80 


1.2 1 


11 


13 


14 


15 


10 


17 


JK) 


1.0 


13 


14 


10 


17 


18 


19 


100 


1.9 i 


14 


10 


17 


19 


20 


21 


110 


2.;5 


10 


18 


19 


21 


22 


24 


120 


2.8 ■ 


17 


19 


21 


22 


24 


20 


140 


3.7 


20 


23 


25 


27 


28 


;«) 


irio 


4.9 


23 


2(*) 


28 


;w) 


32 


34 


180 


0.2 , 


20 


29 


32 


34 


37 


39 


200 
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The above foromla* J^))])!}' directly to liiu^s in wliicli the j)oles 
are tlie same distanee a])art and on the same level, and any number 
of s|)ans may be ad jnste<l at one time by applying the calculated 
stress at the end of the wire and the line will be in efpiilibriuni; 
that is, there will be no strain on the poles in the direction of the 
wires. Special care must be taken to preserve this equilibrium when 
the lentrth of sj^an chantres or when the level of the ])ole tops varies, 
and this is accomplished by keepino; l\.and // constant for every span. 

AVhat is the tension in pounds |)er scpiare inch at the center 
of a span of number 0000 wire when the poles are 120 feet apart 
and the satr js 1(> 



iclies ( 

II -AV 
'' Si) 

k; 
u 

AV —- .()4 ])onnds. 
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1.', fwt. 



sr»4: ])onn<la 



Tlie croHs-sec'tioii of numlx'r (MM)() wiiv is.— 
TT '/ i.2;5)- -- .1()(')2 scjuaiv inches. 



8()4 



.lf')(')~ = 5200 poniids per square inch. 
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The regulation of tlie system and the amount of ])Ower lost in 
transmission together determine the cross -sect ion of the conductors 
to ]h* used. The amount of j)()wer lost, for niost economical oj)era- 
tion can he determined froni the cost of generatino; power and the 
fixed charges on the line investment. Either copper or aluminum 
wire or cahles may he used. The latter is lighter in weight hut 
more care must he taken in erecting and it is more ditticult to 
make joints. 

UNDERGROUND CONSTRUCTION. 

In large cities or other hn-alities where, if overhead construc- 
tion l>e used, the number of conductoi's becomes so great as to be 
objectionable, not alone on account of appearance but also on 
account of complication and danger, tlu* lines are run underground. 
The expense of installing undergiound systems is very great com- 
pared with that of overhead construction, ])ut the cost of mainten- 
ance is much less and the liability to interruption of service, due 
to line troubles, greatly re<ln(*ed. Tlu* essential elements of an 
undergroun<l system are the conductor, the insulator, and the pro- 
tection. The conductor is invariably of copper, the insulator may 
be rubber, paper, some insulating compound, or indivi<lual insu- 
lators, depending on the system, while tbe protection takes one of 
several forms. The system, as a whole, may l)e divided into 

Soli<l or built-in systems. 
Trench systems. 
l)rawin^-in systems. 

As an example of the first, we have the Kd'txni} T^ihr si/strin, 
which is especially adaj)ted to house-tcJ-bouse <listribution and is 
used to a large extent for direct-current tliree-wire distribution in 
congested districts. It is made uj) of copper rods as conductors 
(three of ecjual size for mains and the neutral but \ the size of the 
main conductors in feed(»rs), which are insulated from each other 
by an asphaltum eom[)ound. Tbis compound also serves as an 
insulation from the protectintr case, wliich consists of wrouorht- 
iron pipe. Pilot wires are also often installed in the feeder tubes. 
This tube is built uj) in sections about twenty f(H't long. In insu- 
lating the conductors, they are first loosely wrapped with jute 
rope so as to keep them from nuiking contact with each other. 
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and willi tlie ])ij)(»s, ami the licated asplialtiiin forced into the tiilm 
from the ])ottoin, when the tube is in a vertical jKisition. The 
ends of the conductors and the tubes must he joine<l and properly 
insulated in a completed system. Sj)ecial connectors are fnrnished 
for the conductors, and cast-iron coujilino; boxes are fitted to the 
ends of the tuln* as shown in Kitr. M). After the conductors are 
proj>erly connected, the cap is put on this couplino; box and the 
inside space then tilled with insulating comj)oun(l through a hole 
in tlie cap. This hole is later fitted with a plug to reiuU'r the box- 
air-tight. The system is a cheap one. though the joints are expen- 
sive. It is not adapted to high potentials. 

Tlie Slrinens-IItflslr system of iron-tajuMl cables consists of 
insulattnl cables encased in h^ad to keej) out moist nre, this lead 
sheathing being in turn wra|)|)ed with jute which forms a bedding 
for the iron tape. The iron tape is further protected by a wrap- 
ping thoroughly saturated with asphaltnm c()m|)(>und. These 
cables may be made up in lengths of from oOO to <)0O feet. 

In unexposed |)laces, such as across private lan<ls, the steel 
taping may be omitted and the lead sheathing sim|)ly j)rotected by 
a braid or wra])ping saturated with as|)haltum. 

The Tiuinrli system consists of bare or insulated conductors 
supported on special forms of insulatois as in overhead construc- 
tion, the whole being installe<l in small close<l trenches. As this 
system is not used to any extent in AmtM-ica, but one system, the 
Oompton system, will be described. 

In the Crompton system, bare cop|)er strips are used, each 1 
to 11 inches wide and \ to A inch thick. These strips rest in 
notches on the top of porcelain or glass insulators, su|)|)orted by 
oak timbers embedded in the sides of the cement-lined trench. 
This trench is covered with a layer of Hagstone. These insulators 
are spaced about oO feet and about K^wvy iJiM) feet a straining 
device is installed for taking u[) the sag in the conductors. Hand- 
holes are located over each insulator. 

There are several of the d nurhnj-'in systems, and certain of 
these have come to be consi<lered standard underground construc- 
tion in the United States. It is no longer deemed advisable to 
construct ducts which will serve as insulators, but they are de- 
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])eiidecl on for niet'liauical protection only, and should fulfill the 
followino; recjuirenients: 

They must have a smooth interior, free from i)rojeotion», ho that the 
cables may he readily drawn in and out. 

They must be reasonably water-tight. 

They must be stronjj: enough to resist injury due to street traffic and 
accidental interference from workmen. 

A mono; the materials used for duct construction iiiay he men- 
tioned: iron or steel, wood, cement, and terra cotta. IFoW is 
used in the form of a trouc^h or hox, or in the form of wooden 

TO STREET SURrACE 
A MINIMUM OF 3' 
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Pip. 37. 

])ij)es. The latter is known as **])um]) loor '' conduit. The wood 
used for this ])Ui'|)ose must he very carefully seasoiunl and then 
treated with some antiseptic compound, such as creosote, in order 
for the (hict to o-ive satisfactory service. If iinproj)erly treateil, 
acetic acid is f()rme<l <lurino; the decay of the wockI, and this attacks 
the lead coverincr of the cable, destroyino; it and allowinjy moisture 
to deterioratt* the insulation. AVood offers very little resistance to 
the drawino; in of the cables, and it is a cheaj) form of conduit, 
thontrh it cannot he de])en(led on for lono; life. 

One of the best and at the same time most expensive systems 
is the one usintr frrot/fj/tf-lron jflj^rs, laid in a l)ed of concrete. 
Tiie ordinary construction of the duct consists of digging a trench 



POWER TRANSMISSION 07 



of the desired size and covering the bottom, after it is carefully 
graded, with a layer of good concrete from two to four inches thick. 
Such a cement may consist of llosendale cement, sand, and broken 
stone in the ratio of 2, 3, 5, the broken stone to pass through a 
sieve of li-inch mesh. The sides of the trench are lineil with lA- 
inch planks. The first layer of pi{)es consisting of wrought-iron 
pi})es 3 to 4 inches in diameter, 20 feet long, and ^ inch thick, 
joined by means of water-tight couplings, is laid on this concrete, 
and the 8j)ace around and above them filled with concrete. A sec*- 
ond layer of pij)e8 is laid over this, and so on. A covering of con- 
crete 2 to 3 inches thick is j)laced over the last layer, and a layer 
of 2-inch plank is j)laced over all, to protect against injury by 
workmen. Fig. 37 shows a cross-section of such duct construc- 
tion. The pipe should be reamed so as to remove any internal 
burs which might injure the insulation during the j)r(K*ess of 
drawing in. 

A modification of this system consists of the use of rr/ttenf' 
lined wrofffjIif'troH j)ipe.s, Tliis usually consists of eight-foot 
lengths made of riveted shi»et-iron pipes. Rosendale cement is 
used for the lining, this lining being about g inch thick. The 
external diameter of the pipe is about 4i inches. The outside of 
the pipe is coated with tar to prevent rusting. The sections have 
a very smooth interior and are light enough to be easily handled. 
They are eml)edded in concrete, similar to the system j)reviou8ly 
described. Connections between the sections are made by means 
of joints, constructed on the ball-and-socket principle, moulded in 
the (?ement at the ends of the sections. This forms a cheajx^r con- 
struction than the use of full-weight pi|)e. 

Earthenware Conduits. This form of conduit is being ex- 
tensively useil for underground cables. The sections may be of 
the single-duct or multiple-duct tyjH*. The former consists of an 
earthenware pij)e from 18 to 24 inches in length. The internal 
diameter is from 2A to 3 inches. These are laid on a bed of con- 
crete, the separate tiles being laid up in concrete in such a manner 
as to break joints between the various ducts. In the multiple- 
duct system the joints are wrapped with burlap and the whole 
embedded in concrete. This form of conduit has a smooth inte- 
rior and the cables are readily drawn in and out. The singleduct 
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type lends itself admirably to slight changes of direction that 
may be necessary. Fio;. 38 shows both forms of duct, wliile Fig. 
39 shows a cement-lined iron-pipe duct system, laid in concrete, 
in course of construction. 

Other forms of conduits are ducts formed in concrete, earthen- 
ware troughs, cast-iron troughs, and fibre tubes. 

Manholes. For all drawinir.in systems, it is necessary to 
provide some means of making connections between the several 
lengths of cable after they are drawn in, as well as for attaching 
feeders. Since the cables cannot l)e handled in lengths greater 
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than about »500 feet, and less than this in many cases, vaults or 
junction boxes must be jdaced at freijuent intervals. Such vaults 
are known as splicing vaults or manholes. The size of the man- 
hole depends upon the number of ducts in the system, as well as 
on the de])th of the conduit. Tf the ducts be laid but a short dis- 
tance from the surface of the street and tratKc is liirht, the cables 
may be readily spliced with a numhole but -4 feet square and 4 
feet deep. The smaller vaults are often called '^ h(nul'holefi^\ 
Deeper vaults are from 5 to feet square, and the floor should be 
at least 18 inches below the lowest ducts on account of convenience 
to the workmen and to serve as collectincp basins for water which 
gets into the system. The ducts should always be laid with a 
gentle slope toward such manholes. 
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Coiiinion construction consists of a brick wall laid upon a con- 
crete Hoor, the brick being laid in cement and being coated inter- 
nally with cement. The cables follow the sides of the manhole 
and they are su]>j)orted on hooks set in the brickwork. This 
causes (juite a waste of cable in large manholes, ('are should be 
taken that workmen do not use the cables, so supported, as ladders 




Fig. 39. 

in enterincr an<l leavin<r the manhole, as tlie lead sheathing maybe 
readily injured when the cables are so used. 

Conductors are drawn into place by the aid of some form of 
windlass. Special jointed rods, 8 to i feet long, may be used for 
making the first connection betwetMi manholes or a steel wire or 
tape may be pushed through. A r()|)e is drawn into the duct and 
the cable is attached to this ro|)e. Fig. iO shows one way in which 
the cable may be attached to the* rope. Care must be taken to see 
that no sharp bends are mad(^ in the cable during this process, 
(.-able should not be drawn in during extremely cold weather un- 
less solium means are employed for kivjiing it warm, owing to tlu> 
liability of the insulation to be injured by cracking. 
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Conduit systems must be ventilated in oi-der to ])revent ex- 
plosion due to the collecting of explosive mixtures of gas. Many 
special ventilating schemes have been tried, but the majority of 
systems depend for their ventilation on holes in the manhole cov- 
ers. This prevents excessive amounts of gas from collecting but 
does not always free the system from gas so completely as to make 
it safe for workmen to enter the splicing vault until the impure 
air has been j)umped out. 

The above applies to the main conduit system. Auxiliary 
ducts are laid over the main ducts and distribution accomplished 
from hand-holes in this system. 

It is customary to ground the lead sheaths of the cables at 
frequent intervals, thus in no way depending on the ducts even 
when made of insulating material, for insulation. 
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Cables. AVell insulated copper cables are used for under- 
ground systems. On account of the fact that various materials, 
such as acids and oils which are injurious to the insulation, come 
in contact with the cable, it is necessary that it be protected in 
some manner. A lead sheath is employed for this purpose. This 
sheath is made continuous for the whole length of the conductor, 
and with its use it is possible to (»mploy insulating materials such 
as j)aj>er which, on account of ])eing readily saturated by moisture, 
could not be used at all without such a hermetically sealed sheath. 
Lead containing a small percentage of tin is usually employed for 
this purpose. The sheath may consist of a lead ])ij)e into which 
the cable is drawn, after which the whole is drawn through suitable 
dies, bringing the lead in close contact with the insulation or the 
casing may be formed by means of a hydraulic press. 

Yarns thoroughly dried and then saturated with such materials 
as ])aratHn, asphaltum, rosin, etc., paper, both dry and saturated. 
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and rubber h\v the materials more generally employed for insula- 
tion. AVhen pa|>er i8 employed, it is wound on in strips, the cabU* 
Infsino; [mssed throuf^h a die after eaeli layer is applied, after which 
it is dried at a temperature of 2(MV F to expel moisture. After 
beincr immersed in a bath of the saturating compound it is taken 
to the hydraulic presses where the lead sheath is put on. 

When rubber insulation is used, the conductors are tinned to 
prevent the action of any uncombined sulphur which may l>e 
present in the vulcanized rubber. The Hooper process consists of 
usincr a laver of pure rubber next to the conductors and usin<r the 
vulcanized rubber outside of this. One or two layers of jnire rub- 
l)er ta]:)e are put on spirally, 
the spiral being reversed for 
each layer. Rubber com- 
j)Ound in two or more layers 
is applied over this in the 
form of two stri])s which pass 
between rollers which fold V^ 
these stri|)s around the core 
and press the edges together. 
Prej)ared rubber tape is ap- 
plied over this, after which 
the insulator is vulcanized 
and the cable tested. If sat- 
isfactory the external protection is applied. 

Cable for •poly|)hase work is made up of three conductors in 
one sheath. Fiij. 41 shows a cross-section of cable manufactured 
for three-phase transmission at (),()()() volts. The conductors of 
this cable have a cross-section etjuivalent to a number ()()()() wire, 
to which an insulation of rubber j^^vr-iuch thick is applied. These 
three conductors are twisted together with a lay of about 20 
inches. Jute is used as a tiller, and a second layer of rubber insu- 
lation 3^j-inch thick is then applied. The lead sheath em])loyed is 
J. inch thick, and is alloyed with [i^/o of tin. 

Joints in cables must be carefully made. Well -trained men 
only should be employed. The insulation applied to the joint 
should be ecjuivalent to the insulation of tht* cable at other |)oints, 
and the joint as a whole must be protected by a lead sheath made 
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continuous with the main c-overintr hy uieans of [)lunibers' joints. 

Some entrineers juvfer rubber, some paper insulation, but 
both types are t^ivino; cro^d service, and are used up to voltages of 
22,000. It is customary to subject each cable to twice its normal 
potential S(»on after it is installed. This voltage should not be 
aj)plied or removed too suddenly as unnecessary strains might be 
produced in this manner. 

Iwubber-insulated cables should never be allowed to reach a 
temperature exceeding i)T) to 70 (' (^liU t6 15'S F). PajRM* 
will stand a temj)erature of 00 (' ( 104 F), but it is neither desirable 
nor economical to allow such a temperature to be reached. The 
followino- table is of interest in connection with underoround 
cables. The dimensions here jriven are onlv wneral. 

TABLE VIII. 
Typical Cable Construction. 



(.'luirju-ler 
Cables. No. of Comluc-liU's. of 

I <'oiuliU'U)r 



Sizes 
i <»f 

Imiivitliuil 
Wires. 



Eloctric liirht loss than rm volts. . ', Singlo Slrandod No. 10 B.&S. 

I i or smaller. 

Arc li»rhtin^ Sinjilc Solid No. (> or 4 



I 



HAS. 



lli^li-tt'nsion power transmission. Sinjile, conrcntric, Stiantlcd No. lOB.&S. 

i iluphw, or thrcH' , or smaller, 

conductors I 



Thickness of Insulation. 



i^„)Ow.v Sat ur.i tod , Saturated Drv Thickness 

KuniMi. j,,^,j^j. I p.,j,^.j. Paper. <)f I.ead. 

liuh. i Inch. I Inch. Inch. Inch. 

Electric lij^ht less than .')()() i ' i 

^olts r: ' :^ ^ ^ V. to,v 

Arc llirhtjn^r :j\. to :.\ '■ A* .-.^ .:"•• I'u 

llij;h tension power trans i 

mission A- tt> .,\, > ..\, .^\ .,\ ,'„ 

.Selection of Voltage to be Used. Thevoltao^e to he selected 
for a o;iven system depends on the distance the power is to l)e 
transmitted as well as its amount, and on tlu* nse to he made of 
the power. If a lij^hiino- jo.-id is cniicciilrated in a small district, 
a *J*-M)-volt three-wire system will oi\i» vrry ockhI serviee. If the 
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region is a little more extended, j)ossil>ly a 440- volt three-wire 
system using 220-volt lamps would serve the purpose without an 
excessive loss of power or a prohibitive outlay for coj)])er. For 
location when the service is scattered, a distribution at from 2,200 
to 4,000 volts alternating current is used, transformers l)eing 
located as re(|uired for stepping down the voltage for the units 
which may be fed from a two- or three- wire secondary system. 

2,;)00 volts (alternatinir) is a standard voltacre for lio;litin<r 
purj)osesand for poly[)hase systems; 2,800 volts is often taken as 
the voltacre between the outside wires and the neutral wire of a 
four-wire three-phase distribution. 

For railway work, 550 to ()00 volts direct current is used up 
to distances of about 5 or miles, beyond which it becomes more 
economical to install an alternating-current main station and suj)- 
j)ly the line at intervals from substations to which the |)Ower is 
transmitted at voltages of from OJJOO to 80,000 or even higher, 
depending on the distance it is to be transmitted. At present, 
the hitjhest Voltaire used in lonir-distance transmission is 60,000, 
though higher values are contemplated. Such voltages are used 
only on very long lines, and each one becomes a special problem. 
It is always well to select a voltage for a]>paratus which may be 
considered as standard by manufacturing companies, as standard 
apparatus may always be purchased more chea|)ly and furnished 
in shorter time than special machinery. 

Protection of Circuits. Licrhtnincr arresters are installed at 
intervals along overhead lines for the protection of connected 
apparatus. For ordinary lighting circuits, such arresters are in- 
stalled for the protection of transformers, and are located preferably 
on the first pole away from the one on which the transformer is 
installed, (are should be taken to see that there are no sharp 
luMids or turns in the ground wire and that there is a good ground 
connection. For thi^ hitrh-tension lines, bVhtniniT arresters at 
either end of the circuit are relied on to afford the greater j)art of 
the j)rotection. In some localities, a wire strung on the same ])ole 
line at a short distance from the power wires and grounded at very 
freciuent intervals has been found to reduce troubles due to liirhtnincr. 

The grounding of the neutral of three-wiii» seeondaiy systiMus 
forms a means of protection of such circuits against high potentials 
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which might arise from accidental contact with the primaries, and 
is recommended in some cases. The grounding of the neutral of 
high-tension systems reduces the j)Otential between the lines and 
the ground, but a single ground will cause a short-circuit on the 
line with any grounded system, (xrounding, through a resistance 
which will limit the flow of current in such a short-circuit, has 
been recommended and is employed in some instances. Spark 
arresters are installed at the ends of high-tension underground 
systems to prevent Iiigli voltages which might injure the insulation 
in case of sudden changes in load, grounds, and short-circuits. 
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